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Abstract
Pressure rings are key mechanical components of an electrode column in a smelting
furnace. They operate inside the furnace, just above the raw charge within the furnace
flame and hot gasses. Due to their working environment, a pressure ring is typically a
water cooled component. Early furnace designs employed stainless steel cast segments
that formed the pressure ring. In recent years the industry has moved away from the
cast stainless steel pressure ring design to a manufactured wrought copper design. The
fundamental differences between the cast stainless steel design and the manufactured
copper design are the change in material, as well as the cooling water passage design. A
cast passage can be optimally placed and shaped, whereas the manufactured pressure
rings cooling passage is typically made of round straight drilled passages that are not
always optimally placed due to manufacturing constraints. These key design differences
were evaluated and compared using ANSYS FLUENT to conduct a conjugate heat
transfer analysis on each design.
Having reliable simulations of existing components help design engineers develop new
components in shorter time with improved performance characteristics by providing a
tool to assist in understanding of the relationship of the variable design parameters on
the performance of a specific component.
University of Southern Queensland
Faculty of Health, Engineering & Sciences
ENG4111/2 Research Project
Limitations of Use
The Council of the University of Southern Queensland, its Faculty of Health, Engineer-
ing & Sciences, and the staff of the University of Southern Queensland, do not accept
any responsibility for the truth, accuracy or completeness of material contained within
or associated with this dissertation.
Persons using all or any part of this material do so at their own risk, and not at the
risk of the Council of the University of Southern Queensland, its Faculty of Health,
Engineering & Sciences or the staff of the University of Southern Queensland.
This dissertation reports an educational exercise and has no purpose or validity beyond
this exercise. The sole purpose of the course pair entitled “Research Project” is to
contribute to the overall education within the student’s chosen degree program. This
document, the associated hardware, software, drawings, and other material set out in
the associated appendices should not be used for any other purpose: if they are so used,
it is entirely at the risk of the user.
Dean
Faculty of Health, Engineering & Sciences
Certification of Dissertation
I certify that the ideas, designs and experimental work, results, analyses and conclusions
set out in this dissertation are entirely my own effort, except where otherwise indicated
and acknowledged.
I further certify that the work is original and has not been previously submitted for
assessment in any other course or institution, except where specifically stated.
S.Rogers
0061002384
Signature
Date
Acknowledgments
I would like to thank Celeste, Devon and Kendra for their support and the sacrifices
they have had to make throughout this project.
Thank you also to Dr Ruth Mossad for her assistance and advice on this project as well
as the industry professionals who have assisted, particularly to Eugene and Orhan.
S.Rogers
University of Southern Queensland
October 2013
Contents
Abstract i
Acknowledgments iv
List of Figures x
List of Tables xvii
Chapter 1 Introduction 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Project Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Chapter 2 Background 6
2.1 Furnaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Heat transfer from combustion flames and combustion products: . . . . 9
2.3 Furnace component design . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Cooling water and fouling . . . . . . . . . . . . . . . . . . . . . . . . . . 15
CONTENTS vi
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Chapter 3 Pressure Ring description and differences between the two
designs 18
3.1 Chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Purpose of the Pressure Ring . . . . . . . . . . . . . . . . . . . . . . . . 18
3.3 Internal design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.1 Cast Pressure Ring internal design . . . . . . . . . . . . . . . . . 20
3.3.2 Manufactured Pressure Ring internal design . . . . . . . . . . . . 22
3.4 Materials of construction . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4.1 Cast Pressure Ring . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.4.2 Manufactured Pressure Ring . . . . . . . . . . . . . . . . . . . . 24
3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Chapter 4 Calculation of the furnace heat loading to the Pressure Rings 26
4.1 Chapter Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2 Introduction: Furnace environment . . . . . . . . . . . . . . . . . . . . . 26
4.3 Combustion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.3.1 Adiabatic flame temperature: . . . . . . . . . . . . . . . . . . . . 29
4.3.2 Adiabatic Flame Temperature with Fuel Preheat . . . . . . . . . 33
4.4 CFD model of the gas volume within the furnace . . . . . . . . . . . . . 36
4.4.1 Model assumptions and constraints . . . . . . . . . . . . . . . . . 36
CONTENTS vii
4.4.2 Calculations of gas volume flow rate and velocity for the gas inlet
boundary condition . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.4.3 CFD Model Meshing . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.4.4 CFD Solution Setup . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.4.5 CFD results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.4.6 CFD discussion and summary . . . . . . . . . . . . . . . . . . . . 54
4.5 Heat loading boundary condition calculations for application in the main
conjugate heat transfer analyses . . . . . . . . . . . . . . . . . . . . . . . 54
4.5.1 Heat Load boundary conditions for use in the conjugate heat
transfer analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.6 Summary of calculation results . . . . . . . . . . . . . . . . . . . . . . . 64
4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
Chapter 5 Calculation of the cooling water flow to the Pressure Rings 66
5.1 Chapter Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.2 Furnace Cooling Water Background . . . . . . . . . . . . . . . . . . . . 66
5.3 Furnace plant cooling water parameters . . . . . . . . . . . . . . . . . . 68
5.4 ANSYS - Pressure Ring loss coefficient calculation . . . . . . . . . . . . 70
5.4.1 Models and Meshing . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.4.2 FLUENT setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.4.3 Solution results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.5 Flow rates and pressure drop calculations . . . . . . . . . . . . . . . . . 75
5.5.1 Cast Pressure Ring pressure drop calculation: . . . . . . . . . . . 79
CONTENTS viii
5.5.2 Manufactured Pressure Ring flow rate calculations . . . . . . . . 84
5.6 Summary of calculation results . . . . . . . . . . . . . . . . . . . . . . . 86
Chapter 6 Steady state conjugate heat transfer analysis of the Pressure
Rings using FLUENT 89
6.1 Chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.2 CAD models and Meshing . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.2.1 Meshing: Cast Pressure Ring . . . . . . . . . . . . . . . . . . . . 90
6.2.2 Meshing: Manufactured Pressure Ring . . . . . . . . . . . . . . . 95
6.3 Solution setup in FLUENT . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.3.1 Problem setup: . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.3.2 Solution: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.3.3 Fluent results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.4 Analysis Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.4.1 Results discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
Chapter 7 Conjugate heat transfer analysis of the Pressure Rings during
transient heat load conditions from the furnace using FLUENT 123
7.1 Chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
7.3 Analysis methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
7.4 Solution setup in FLUENT . . . . . . . . . . . . . . . . . . . . . . . . . 125
CONTENTS ix
7.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Chapter 8 Conclusions and Further Work 136
8.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
8.2 Achievement of Project Objectives . . . . . . . . . . . . . . . . . . . . . 137
8.3 Further Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
References 139
Appendix A Project Specification 143
Appendix B Detail drawings 145
Appendix C MATLAB code supporting chapter 4 148
Appendix D MATLAB results and code supporting chapter 5 154
Appendix E Supplementary heat transfer calculations from chapter 6 164
E.1 Heat transfer coefficient calculation for the inside faces of the pressure
rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
List of Figures
1.1 Pressure Ring shown in service conditions. . . . . . . . . . . . . . . . . . 2
1.2 Partial section through an electrode column showing the contact shoes,
pressure bellows and cast stainless steel pressure ring assembly . . . . . 3
1.3 Cast and fabricated Pressure Rings with flow passages shown . . . . . . 3
2.1 Different zones of a FeMn submerged arc furnace (Source:Yang et al.
2004). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Typical temperatures and gas and bed movement in a ferrochrome smelt-
ing furnace (Source: Jalkanen et al. 1995). . . . . . . . . . . . . . . . . . 7
2.3 Fuel, air and combustion gas flow schematic of an open furnace (Part
Section). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Pressure Rings engulfed in flame. . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Operating furnace. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 Slag and ash build-up on the pressure rings exposed surface . . . . . . . 13
3.1 Part Section CAD model of an assembled electrode. . . . . . . . . . . . 20
3.2 Sectioned CAD model showing the internal cooling water passages of the
cast pressure ring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
LIST OF FIGURES xi
3.3 Sectioned CAD model showing the internal cooling water passages of the
manufactured pressure ring. . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 Variation of thermal conductivity with temperature for typical metallic
elements and alloys (Source: Kreith, Manglik & Bohan 2011) . . . . . . 23
4.1 Flammability Limits of certain Fuel-Air Mixtures (Source:SELECTED
READINGS energy Tech Reading 3) . . . . . . . . . . . . . . . . . . . 28
4.2 Adiabatic Flame Temperature for CO Combustion over varied equiva-
lence ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.3 Estimated reaction zones around the electrodes and the area for gas inlet
into the domain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.4 Area of the idealized reaction zone and gas inlet boundary. . . . . . . . 41
4.5 CAD drawing of the gas volume showing key dimensions. . . . . . . . . 42
4.6 Named selections applied to surfaces of the gas volume model. . . . . . . 44
4.7 Mesh Parameters and Result Statistics. . . . . . . . . . . . . . . . . . . 45
4.8 Mesh metric result graph. . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.9 Viscous Model settings. . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.10 ANSYS output table of key results from the analysis. . . . . . . . . . . . 48
4.11 Planes for contour evaluation. . . . . . . . . . . . . . . . . . . . . . . . . 48
4.12 Plan view on furnace showing the mirror effect of the gas flows. . . . . . 49
4.13 Temperature contour probe reading positions with the CAD model of
the electrode superimposed. . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.14 Temperature profile plots on planes 1 and 2. . . . . . . . . . . . . . . . . 51
4.15 Velocity vector plots on planes 1 and 2. . . . . . . . . . . . . . . . . . . 52
LIST OF FIGURES xii
4.16 Temperature and velocity vectors plotted from streamlines originating
at the hot gas inlet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.17 Temperature and velocity vectors plotted from streamlines originating
at the hot gas inlet and the ambient air side inlet. . . . . . . . . . . . . 53
4.18 Photo of the furnace controller screen showing the manifold and tundish
bulk temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.19 Photo of the furnace controller screen showing the individual return line
temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.20 Heat loading surfaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.21 Variation of hc and Re over a range of Pressure Ring surface temperatures. 59
4.22 Constants for the equation proposed by Jakob (source: Kreith et al.
(2011), p.432). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.1 A typical cooling water distribution manifold and return water tundish. 67
5.2 A typical small bore cooling water circuit schematic. . . . . . . . . . . . 68
5.3 Imported CAD geometry of the cooling water volumes for each case. . . 71
5.4 Mesh parameters and statistics for both cases. . . . . . . . . . . . . . . . 72
5.5 Mesh element metric graph for both cases. . . . . . . . . . . . . . . . . . 72
5.6 Matlab pressure drop calculation flow chart . . . . . . . . . . . . . . . . 78
5.7 Cooling water small bore pipe schematic for the cast pressure ring . . . 79
5.8 Cooling water small bore pipe schematic for the manufactured pressure
rings main cooling circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.9 Cooling water small bore pipe schematic for the manufactured pressure
rings bellows circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
LIST OF FIGURES xiii
6.1 Split surfaces on pressure ring lugs. . . . . . . . . . . . . . . . . . . . . . 90
6.2 Named selections on back surfaces. . . . . . . . . . . . . . . . . . . . . . 91
6.3 Named selections on front surfaces. . . . . . . . . . . . . . . . . . . . . . 91
6.4 Cast pressure ring cooling water inlet and outlet named selections. . . . 92
6.5 Cast pressure ring mesh parameter report window. . . . . . . . . . . . . 92
6.6 CAD model indicating face sizing regions on the cast pressure ring fluid
volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.7 Inflation applied to the cooling water volume in the cast pressure ring. . 93
6.8 Inflation layers in the fluid volume mesh. . . . . . . . . . . . . . . . . . . 94
6.9 Development of the velocity and thermal boundary layers in flow over a
flat surface (Source: Kreith, Manglik & Bohn 2011). . . . . . . . . . . . 94
6.10 Body sizing for the solid body volume of the cast pressure ring. . . . . . 94
6.11 Overall mesh result statistics for the cast pressure ring. . . . . . . . . . 95
6.12 Individual mesh statistics for volumes in the cast pressure ring model. . 96
6.13 Manufactured pressure ring cooling water inlet and outlet named selections. 96
6.14 Manufactured pressure ring mesh parameter report window. . . . . . . . 97
6.15 Body sizing regions on the manufactured pressure ring fluid volumes. . . 97
6.16 Inflation applied to the cooling water volumes of the manufactured pres-
sure ring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.17 Body sizing for the solid body volume of the manufactured pressure ring. 98
6.18 Overall mesh result statistics for the manufactured pressure ring. . . . . 99
6.19 Viscous Model settings. . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
LIST OF FIGURES xiv
6.20 Named selections for the external surfaces of the pressure rings. . . . . . 103
6.21 Flux checks for mass flow and heat transfer after convergence. . . . . . . 107
6.22 Temperature contours on the back face of the Pressure Rings. . . . . . . 108
6.23 Phase diagram of steel with a constant 18-8 Cr-Ni ratio (Source: Aske-
land & Phule 2008, p.485). . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.24 Temperature contours on the back face of the Pressure Rings. . . . . . . 112
6.25 Temperature contours on the back face of the Pressure Rings with the
same temperature scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.26 Temperature contours on the inside face of the Pressure Rings. . . . . . 114
6.27 Velocity vectors plotted on streamlines in the fluid regions of the Pressure
Rings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.28 Solid-fluid interface temperature overlay over the fluid velocity vectors
of the Pressure Rings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.29 Sample line position through the cooling water passage of the cast and
manufactured Pressure Rings. . . . . . . . . . . . . . . . . . . . . . . . . 118
6.30 Velocity contours and model geometry of both pipe test models. . . . . 118
6.31 Velocity profile plots through the cooling water passage of the cast Pres-
sure Ring on sample line 1. . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.32 Velocity profile plots through the cooling water passage of the manufac-
tured Pressure Ring on sample line 1. . . . . . . . . . . . . . . . . . . . 120
6.33 Velocity profile plots through the pipe flow test water passage without
and with the solid volume. . . . . . . . . . . . . . . . . . . . . . . . . . . 121
7.1 Temperature contours of the cast pressure rings back surfaces . . . . . . 129
7.2 Temperature contours at the fluid-solid interface of the cast pressure ring 130
LIST OF FIGURES xv
7.3 Temperature contours of the manufactured pressure rings back surfaces 131
7.4 Temperature contours at the fluid-solid interface of the manufactured
pressure ring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
7.5 Average cooling water outlet temperature variation with time over 300
seconds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.6 Average cooling water outlet temperature variation with time over 900
seconds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.7 Body bulk average temperature variation with time over 300 seconds. . 134
7.8 Body bulk average temperature variation with time over 900 seconds. . 134
B.1 CAD detail drawing of the cast pressure ring segment. . . . . . . . . . . 146
B.2 CAD detail drawing of the manufactured pressure ring segment. . . . . 147
C.1 Matlab code for calculating the adiabatic flame temperature with a var-
ied equivalence ratio page 1 of 4. . . . . . . . . . . . . . . . . . . . . . . 149
C.2 Matlab code for calculating the adiabatic flame temperature with a var-
ied equivalence ratio page 2 of 4. . . . . . . . . . . . . . . . . . . . . . . 150
C.3 Matlab code for calculating the adiabatic flame temperature with a var-
ied equivalence ratio page 3 of 4. . . . . . . . . . . . . . . . . . . . . . . 151
C.4 Matlab code for calculating the adiabatic flame temperature with a var-
ied equivalence ratio page 4 of 4. . . . . . . . . . . . . . . . . . . . . . . 152
C.5 Matlab code for calculating the convection coefficients for a plate with
varying temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
D.1 Matlab pressure drop calculation results for the cast pressure ring. . . . 155
D.2 Matlab pressure drop calculation results for the manufactured pressure
ring main cooling circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . 156
LIST OF FIGURES xvi
D.3 Matlab pressure drop calculation results for the manufactured pressure
ring bellows circuit page 1 of 2. . . . . . . . . . . . . . . . . . . . . . . . 157
D.4 Matlab pressure drop calculation results for the manufactured pressure
ring bellows circuit page 2 of 2. . . . . . . . . . . . . . . . . . . . . . . . 158
D.5 Matlab pressure drop calculation code for the cast pressure ring page 1
of 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
D.6 Matlab pressure drop calculation code for the cast pressure ring page 2
of 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
D.7 Matlab pressure drop calculation code for the cast pressure ring page 3
of 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
D.8 Matlab pressure drop calculation code for the cast pressure ring page 4
of 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
D.9 Matlab pressure drop calculation code for the cast pressure ring page 5
of 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
List of Tables
3.1 Physical properties of stainless steel . . . . . . . . . . . . . . . . . . . . 24
3.2 Physical properties for copper (Cu-ETP) . . . . . . . . . . . . . . . . . . 24
4.1 Enthalpy values for the species considered in the combustion of CO in air. 31
4.2 Enthalpy values for the species considered in the combustion of CO in
air with preheated CO to 600◦C. . . . . . . . . . . . . . . . . . . . . . . 34
4.3 Thermodynamic Properties of Air (Data adapted from Table 3, Buttsworth
& Sharifain 2012) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.4 Temperature readings from the two section planes . . . . . . . . . . . . 50
4.5 Temperature readings from the two section planes including the adjust-
ment factor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.6 Calculated local heat transfer coefficients for flow over a cylinder. . . . . 64
4.7 Key calculation results for the pressure ring heat loading from the furnace
environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.1 Typical plant cooling water data: . . . . . . . . . . . . . . . . . . . . . . 69
5.2 Cast Pressure Ring loss coefficients (K) . . . . . . . . . . . . . . . . . . 74
5.3 Manufactured Pressure Ring loss coefficients (K) . . . . . . . . . . . . . 75
LIST OF TABLES xviii
5.4 Loss coefficients (K) for fittings (Fox et al. 2009) . . . . . . . . . . . . . 79
5.5 Typical cooling water pipe circuit data for the cast Pressure Ring design: 80
5.6 Bellows parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.7 Fitting quantities and loss coefficients (K) for cooling water pipe circuits
for Pressure Rings: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.8 Data of the cooling water circuit for the main cooling of the manufac-
tured Pressure Ring: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.9 Data of the cooling water circuit for the manufactured Pressure Rings
dedicated pressure bellows circuit: . . . . . . . . . . . . . . . . . . . . . 87
5.10 Summary of the cooling circuit flow rates and pressures . . . . . . . . . 88
5.11 Summary of the cooling circuit flow rates and pressures . . . . . . . . . 88
6.1 Material input properties for water . . . . . . . . . . . . . . . . . . . . . 101
6.2 Material input properties for stainless steel . . . . . . . . . . . . . . . . 101
6.3 Material input properties for copper . . . . . . . . . . . . . . . . . . . . 101
6.4 Average emissivities of applied materials . . . . . . . . . . . . . . . . . . 102
6.5 Boundary conditions applied to the external surfaces of each pressure ring:103
6.6 Inlet velocities for the applied boundary conditions: . . . . . . . . . . . 104
6.7 Inputs summary for cooling water boundary conditions . . . . . . . . . . 104
6.8 Analysis result summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.1 Transient heat load values for the two temperature set points . . . . . . 126
Chapter 1
Introduction
1.1 Introduction
Large AC electric arc smelters use electric current as a power source for smelting raw
ore, operating throughout the year with minimal down time. Three electrodes transfer
this power into the furnace. One of the critical components that form part of the
electrode column equipment, and key to the furnaces availability, are the pressure ring
segments. These components form a ring around the copper contact shoes, providing
a mechanical ring beam reaction structure for an actuator that presses the contact
shoes firmly on the electrode casing. Sound contact between the copper contact shoes
is critical for optimal performance and minimizing the risk of damage due to electrical
arcing. Pressure rings in a typical ferroalloy smelter plant operate inside the furnace,
just above the raw charge within the furnace flame and hot gasses as shown in Figure
1.1. Due to their working environment, a pressure ring is typically a water cooled
component that is designed with strength and heat transfer characteristics in mind.
Figure 1.2 shows a partial section through an assembled electrode showing how the
components are assembled. The contact shoe is pressed onto the electrode by the force
generated in the actuator (pressure bellows), which is housed inside the pressure ring.
Above the pressure ring is the electrode heat-shield, a water-cooled component that
along with the pressure rings, protect the internal electrode components by sealing
them off from the hot furnace flames and gasses.
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Figure 1.1: Pressure Ring shown in service conditions.
Early furnace designs employed mild steel water cooled pressure rings of two or more
segments. These later changed to austenitic grade stainless steel cast segments as the
mild steels magnetic properties caused additional heating and induction losses in the
segments themselves. In recent years the industry has moved away from cast stainless
steel pressure rings to manufactured pressure rings from wrought copper for various
reasons.
The fundamental differences between the cast stainless steel design and the manufac-
tured copper design are not only the change in material, but also in the cooling water
passage design. With a casting, almost any passage shape can be created, allowing the
design to have a large wet area and cooling where it is required. The manufactured
copper pressure ring is very limited in cooling passage design that is compromised due
to the manufacturing methods that are financially viable; these are typically round
straight drilled passages. Wet area is also generally much less when compared to the
stainless steel cast counterpart and the cooling passages are not always optimally placed
due to manufacturing constraints. Figure 1.3 shows the pressure rings in wire frame
revealing their internal water passages. On the left is the cast stainless steel design,
with large channels and integrated pressure bellows. On the right is the fabricated,
drilled copper design with the pressure bellows on its own dedicated water circuit.
Cooling water plant capacity for these components have remained about the same, thus
this results in a low velocity, large wet area set up for the cast stainless steel pressure
ring and a high velocity, low wet area for the fabricated copper pressure ring. Settling
debris within the pressure ring would be expected to be more of an issue in the cast
stainless steel pressure ring due to the lower velocity.
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Figure 1.2: Partial section through an electrode column showing the contact shoes, pressure
bellows and cast stainless steel pressure ring assembly
Figure 1.3: Cast and fabricated Pressure Rings with flow passages shown
1.2 Project Aims and Objectives
The purpose of this project is to compare the performance of an initial design pressure
ring to a newer, evolved design using computational fluid dynamics (CFD) combined
with a heat transfer solver.
Traditionally heat transfer simulations were conducted using a mechanical heat transfer
solver where the applied convection factors, particularly to the cooling water surfaces
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were hand calculated average convection factors based on empirical correlations. This
is a difficult task to apply the standard correlations to a flow passage that varies in
cross sectional area as dramatically as is the case of the cast pressure ring design.
In this project it is intended to combine the CFD capability of ANSYS FLUENT to
calculate the cooling water flow field and the resulting local heat transfer coefficients
and combine this with a heat transfer analysis to provide a more accurate model of the
heat transfer performance of pressure ring designs.
The goal is to have a base line computer simulation model to be used as a comparison
for working designs as well as a reference for comparing new design concepts.
1.3 Methodology
In order to meet the aims and objectives for this project the following methodology
was followed.
A literature review in the fields of furnace operation and heat transfer from flames and
hot gas was conducted in order to establish what thermal heat loading the pressure
rings are expected to be exposed to in service. Literature reviews were also conducted
into the design guidelines for furnace components as well as cooling water for these type
of components. After conducting the literature reviews, calculation of the heat loading
from the furnace environment to the pressure rings was calculated. A CFD model was
required to aid in the calculation of the applied heat transfer coefficients by using the
software as a tool to estimate the local gas flow velocities and temperatures within the
furnace gas volume where the pressure rings operate.
The cooling water flow rates were then calculated based on the literature and data
gathered from experts in the industry.
CAD models of the individual pressure rings and their internal cooling water volumes
were created in Creo 2.0, a computer aided solid modelling package, and exported
to ANSYS, an engineering simulation software used in this case for simulating heat
transfer and fluid flow.
Once all the preparation work of calculating the heat transfer coefficients, temperatures,
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cooling water flow rates and CAD modeling was completed, the FLUENT analysis was
prepared. Two main conjugate heat transfer analyses were conducted for each pressure
ring design, a steady state analysis and a transient analysis.
These simulations were then analysed and the results compared between the two designs
in order to evaluate the relative thermal performance of each design.
1.4 Conclusion
A brief description of an electric arc smelting furnace and the key components that
form the scope of this project have been presented.
The aims and objectives as well as the methodology used to achieve these objectives
for this project have also been outlined in this introduction.
Chapter 2
Background
2.1 Furnaces
Submerged arc furnaces used in ferroalloy smelting use a carbonaceous reductant to
reduce the oxidised ore to its metal product. These reducing reactions take place at
high temperatures where the carbon reacts with the ore in a combination of solid-solid,
solid-gas and liquid-solid reactions in various zones in the furnace bed. Electrical power
provides the energy required to obtain these high temperatures for these reduction
reactions and smelting (Kapure, Kari, Rao & Raju 2007). Heat is produced mainly in
the reaction zone through electrode tip arcing but also by resistance heating due to the
current flowing through the semi molten mix (Rangnathan, Godiwalla, Satyanarayana,
Kumar, Rao, Roy & Srikant 2010). Electrical power consumption varies depending
on the ferroalloy being produced. In a ferrochrome furnace, this is around 2000-4000
kWh/tonne alloy produced with and without preheating the feed material according
to Yang, Xiao & Reuter (2004). Kapure et al. (2007) quotes power consumption of
3300-3400 kWh/tonne metal produced, comparing favourably.
Within the furnace bed there are different zones created due to the furnace operation,
these zones have a significant temperature gradient and differing reduction mechanisms
(Yang et al. 2004). These zones have been identified during physical furnace dig outs
as shown on figure 2.1, with typical temperatures and gas and bed movement shown on
figure 2.2. Electrical arcing from the electrode tips can increase the temperature in the
region just below the electrodes to above 2000◦C. This region is the main reaction zone
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where the smelting is taking place with large volumes of Carbon Monoxide (CO) gas
being generated from the reduction reactions. During smelting, the oxides and fluxes
combine to form a liquid slag layer below the reaction zone. The slag layer is rich in
carbon and dissolved ore that is still in the reduction process. The reduced molten alloy
forms below the slag layer, at the bottom of the furnace due to its relatively higher
density.
Figure 2.1: Different zones of a FeMn submerged arc furnace (Source:Yang et al. 2004).
The zones indicated in figure 2.1 are as follows: a) loosely sintered burden, b) loosely
sintered material enriched in carbonaceous reducing agent, c) coke and slag region,
d) coke bed, e) coke enriched layer, f) MnO melt layer with some slag, coke etc., g)
ferromanganese alloy layer mixed with MnO melt (Yang et al. 2004).
Figure 2.2: Typical temperatures and gas and bed movement in a ferrochrome smelting
furnace (Source: Jalkanen et al. 1995).
The hot CO gas generated in the reaction zone and slag layer move upward through
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the permeable furnace bed, made up of a mix of ore, coke and fluxes, heating it and
reducing the ore as it ascends. This is the region of highest temperature gradient in the
furnace, and is also a region of solid state reduction and additional CO gas generation.
The interaction of the hot CO gas with the furnace mix cools the gas to around 500-
600◦C as it emerges on the bed surface. Both Demir and Yang et al. (2004) site a
gas temperature above 2000◦C at the electrode tips cooling to around 600◦C when it
emerges on surface of the bed. Jalkanen, Kojo, Krogerus, Niemela & Oikarinen (1995)
expect higher gas temperatures emerging from the bed in the region of 800-1000◦C.
As explained in an email from O. Demir on 9th of May 2013, CO gas generated is
approximately 950 Nm3/t for Indian ores, Kapure et al. (2007) quotes a value of around
650-700 Nm3/t. From the process model described by Yang et al. (2004), gas generation
is around 600 Nm3/t. A reasonable average can be calculated from this to estimate
the gas flow rate for the combustion of the CO gas above the furnace burden. The
composition of the gas is principally CO, Yang et al. (2004) estimate this to be as high
as 90%, Kapure et al. (2007) 85-90% and with Demir a more conservative figure of 80%.
The high concentration CO gas then combusts to CO2 above the furnace bed due to the
introduction of air entering the furnace at the hood openings providing the necessary
oxygen. The combustion increases the gas temperature above 2000◦C as explained
by O. Demir. Additional ambient air is drawn into the furnace and dilutes with the
combusted gas which cools it down to around 600◦C when it exits at the gas off-take,
shown schematically on figure 2.3.
The volume of air sucked in and the resulting gas temperature can be controlled by the
gas off take suction fan. Demir estimates the gas volume to increase about 12 times with
the additional air drawn in on an open furnace. Diluted gas volumes drawn off into the
off-gas ducts are as high as 15000 to 55000 Nm3/t, this translates to air volume ratios
of around 19:1and 72:1 according to Neimela, Krogerus & Oikarinen (2004). This is
higher than what Demir estimated, but there is common agreement that the gas exiting
target is 600◦C.
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Figure 2.3: Fuel, air and combustion gas flow schematic of an open furnace (Part Section).
2.2 Heat transfer from combustion flames and combustion
products:
From the literature reviewed on furnace operation, it is clear that the combustible fuel
above the furnace bed is predominantly pre-heated CO, with the inflow of ambient air
being the oxidiser. Air/fuel flames according to Baukal (2000) are classified as a lower
intensity flame, whereas flames from fuel combusted with pure oxygen are classified
as a high-intensity flame. This lower intensity flame associated with air combustion is
due to the large percentage of inert Nitrogen gas being heated in the combustion pro-
cess. As the pressure rings typically operate within the flames, as shown on figure 2.4,
flame impinging was studied further in order to establish the heat transferred to the
pressure rings in service. Baukal (2000) observed that in previous flame impingement
studies, there were six typical heat transfer mechanisms that can occur. They include
convection, conduction, radiation, thermochemical heat release, water vapour conden-
sation and boiling. He also adds that not all of these mechanisms necessarily occur
simultaneously and that they are dependent on the specific conditions.
In his chapter on Flame Impingement, Baukal (2000) notes that the predominant mech-
anism of heat transfer in air/fuel combustion flame impingement is by means of forced
convection. Remie, Sarner, Schreel, Alden & de Goey (2007) also note that the main
heat transfer mechanism for air/fuel flames impinging on a surface is through forced
convection, supporting this idea. In contrast, Mehrotra, Karan & Behie (1995) state
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Figure 2.4: Pressure Rings engulfed in flame.
that thermal radiation is the major contributor to heat transfer from flames and gasses
in the design of heat-transfer equipment. In their paper, Mehrotra et al. (1995) are
considering the combustion heat transfer from a greater distance than Baukal (2000)
and Remie et al. (2007) and not necessarily impinging flames. This may support the
claim that Baukal (2000) makes that heat transfer from an impinging flame is predom-
inantly from convection and is related to the distance the impinging surface is from the
flame.
The type of flame experienced during the combustion of CO gas in an open/semi-open
furnace, is best categorized as a turbulent diffusion flame. A turbulent flame is one that
exhibits random fluctuations in the flow properties, and as described by Buttsworth
& Sharifian (2012), is characterised by fluctuations in the flow velocity and length
scales. Babrauskas (2013) explains the characteristics of a turbulent flame are easily
identified by comparing sequential photographs, where the flames shape and location
will be greatly different in each photograph. Babrauskas (2013) states that this random
fluctuation of the turbulent flame makes it extremely difficult to take measurements
and readings that can be meaningfully interpreted. The flame in the combustion of CO
gas in the furnace is considered to be a diffusion flame as the fuel and the oxidiser are
not pre-mixed prior to combustion.
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Winterbourne (1997) explains that a diffusion flames rate of reaction is controlled by the
rate at which the fuel and air can be brought together and not the laminar flame speed
as in the case of a pre-mixed flame. Adding to the random nature of this combustion,
being open flames on the bed of a furnace, there is no burner or mechanical device
to control the mixing. This further complicates estimating the heat transfer from the
flames to the pressure rings due to the random time variation in size and position of the
CO gas streams emerging from the furnace bed. This variation is due to the random
nature and movement of the furnace bed as the burden is reduced and new feed is
introduced. Most of the studies in the literature reviewed relate strongly to the fuel
nozzle geometry as a parameter in applying the experimental correlations.
In determining the heat transfer from the flame, Baukal (2000) notes that the flame
temperature is a critical variable. The highest possible flame temperature for a given
fuel and oxidiser is known as the adiabatic flame temperature. The adiabatic flame
temperature is the theoretical maximum temperature of combustion for a specific fuel
and oxidiser where there are no losses (Babrauskas 2013). For the combustion of CO in
air, the adiabatic flame temperature is around 2380K. The actual flame temperature is
less than the adiabatic flame temperature due to convective and radiative cooling (Kim,
Kang, Kim & Lee 2012). Depending on the fuel, the flame can range from being highly
luminous to nonluminous flames. Luminosity is due to glowing particles in the flame,
and generally luminous flames have a lower temperature than nonluminous flames due
to the additional radiation loss from the glowing particles (Baukal 2000). Mehrotra
et al. (1995) notes that heterpolar gasses such as carbon dioxide, carbon monoxide,
water vapour and soot are common species in flames and gasses produced that radi-
ate heat, while symmetrical molecules such as Nitrogen, Oxygen and Hydrogen are
transparent to radiation. Flame temperature also depends on the preheat temperature
of the air, Baukal (2000) shows by example that the preheating fuel makes minimal
difference when compared to the effect of heating the air. This is due to the mass flow
differences in the air to fuel ratio.
While the literature reviewed gives good background and insight into combustion and
provides correlations to estimate the heat transfer from impinging flames, none of the
correlations will be valid as they rely strongly on the burners inlet diameter and fuel
flow rate as a key parameters. As discussed above, there is no such burner or mechanical
device with a nozzle diameter to measure.
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2.3 Furnace component design
As noted by Toulouevski & Zinurov (2010), the heat flux received by any components
within the furnace are difficult to predict with reasonable accuracy. They also make
a point of mentioning that data provided by other authors vary significantly, this was
also found by the author when conducting his own literature review related to heat
transfer from flames. This observation is reasonable as the data would vary depending
on the type of furnace, its specific geometry, the product being smelted and the furnace
conditions at that time etc. Because the furnace conditions vary during the operation,
the design of the water cooled furnace component should be designed based on the
highest expected operation heat load and not the time-average heat load of the furnace
(Toulouevski & Zinurov 2010). According to Toulouevski & Zinurov (2010), these
periodic higher heat fluxes generally determine the durability of the component and
would ultimately be responsible for premature failure, hence the component should be
rather overdesigned to withstand these maximum peaks rather than designed for the
average heat load heat flux.
Taking into account the recommendations made by Toulouevski & Zinurov (2010),
based on the authors personal observations a reasonable baseline for an operational
heat load in a typical open Ferro Chrome smelter where these components operate in
an extreme condition would be to have the electrode engulfed in the combusting CO
gas flames. Figure 2.5 shows an electrode in normal operating conditions in an open
ferrochrome smelter.
On initial start-up, the pressure rings are clean and free of any build-up such as splashed
slag or ash. During operation a layer of slag and ash builds up on the exposed surfaces
(Figure 2.6 shows a typical example of this build-up). This build-up reduces the effective
heat flux on the component due to the insulative nature of the encrusting layer when
compared to a newly installed clean pressure ring. As an example, Toulouevski &
Zinurov (2010) site that for a newly installed furnace roof panel, the expected theoretical
heat flux is of the order of 680 kW/m2 at 1700◦C, but drops to around 200-300 kW/m2
when the panel is covered in a layer of slag. Although the magnitude of the load is
irrelevant, due to the geometry, position and material of the panel being different to
that of a pressure ring as well as slag layer thickness variation, it serves to illustrate that
the worst case would be to model the clean surface of the pressure ring. Further to this,
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Figure 2.5: Operating furnace.
it is common in operation for these insulative build-ups to break off the components,
exposing them to the higher heat flux from the furnace environment.
Figure 2.6: Slag and ash build-up on the pressure rings exposed surface
Toulouevski & Zinurov (2010) reiterate that the most critical factors to consider when
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designing a water cooled furnace component are the temperature of the water-cooled
surfaces and the temperature of the exposed face. These are influenced by the cooling
water convection factors and the heat load on the component, but also by the material
the pressure ring is manufactured from. The internal passages and flow rates need to be
designed to keep surface temperature below the waters boiling point at the operating
pressure. Toulouevski & Zinurov (2010) explain that at the onset of boiling, formation
of surface bubbles help to increase the heat transfer from the cooling surface as the
additional change in phase from water to gas absorbs even more energy. This increase
in heat transfer then accelerates the boiling and as the bubbles build up, they get to a
point where they conjoin into a vapour film tube between the cooling surface and the
cooling water. This vapour film has a very low heat transfer coefficient, and if the film
layer stabilizes the temperature of the now insulated cooling face rapidly increases and
the wall burns through, resulting in the failure of the component.
Toulouevski & Zinurov (2010) state that the most reliable indicator of a water-cooled
components durability is its external surface temperature. They note that the expected
life of components with lower exposed surface temperatures can be measured in years.
Their reason for this, is that in a furnace environment, where there are fluctuations
in the heat load and even the cooling water from time to time, can expose the com-
ponents body material to abrupt temperatures and cooling rates. This can lead to
phase changes in the materials structure that could cause corrosive wear and flaking,
leading to cracking and leaks. Managing the maximum exposed surface temperature to
below a recommended maximum temperature, will help prevent this. In their chapter
on water-cooled furnace elements, Toulouevski & Zinurov (2010) recommend that the
hot surface temperature for a copper component should be around 300◦C and for a low
carbon steel should be around 400◦C.
Another key point they make relates to some designers adding additional wall thickness
to allow for wear. Toulouevski & Zinurov (2010) do not agree with this practice as they
have found that adding the additional material increases the conductive resistance and
this accelerates the wear. They recommend the wall thickness should be of sufficient
thickness for strength only. Comparing this design philosophy to the cast and drilled
pressure rings, it would seem as though the cast pressure ring designer agrees, while
it seems as though the drilled pressure ring designer has added additional material to
account for wear. What Toulouevski & Zinurov (2010) have noted is rational, however
2.4 Cooling water and fouling 15
on the other hand, the additional mass should behave as a thermal flywheel during
transient conditions. So in periods of higher heat load, the additional mass should be
able to absorb this additional energy and dissipate it to the cooling water on subsidence
of the higher heat load. This would be within a certain limitation. Part of this analysis
is to test this theory.
2.4 Cooling water and fouling
Cooling of furnace components is an essential requirement, and the most widely used
medium for cooling is water due to the high heat transfer rates that can be achieved.
Cooling water in circulating circuits as used on furnace plants, typically contain mineral
ions from dissolved salts such as calcium and bicarbonate (Cho, Lee, Kim & Suh 2004).
These ions tend to concentrate over time due to evaporation of the cooling water. Glea-
son, Dearborn & Lee (2013) notes that an increase in temperature normally increases
the solubility of most salts in water, however the case of calcium carbonate, calcium
phosphate and calcium sulphate for example, the opposite is true. Cho et al. (2004) as
well as Gleason et al. (2013) report that an increase in water temperature, particularly
near the heat exchange surface can cause the ions of calcium to precipitate and form
a hard scale on the surface. They are also in agreement that the most common scale
found in cooling water systems is the scale formed by the deposit of calcium carbonate,
which is formed by the combination of calcium cations and carbonate anions. Gleason
et al. (2013) notes that this scale precipitate finds its most stable state at the elevated
interface temperature between the surface and the bulk fluid.
This hard scale deposit negatively affects the heat transfer from the cooled component
to the cooling water by reducing the heat transfer rate by adding thermal resistance.
The thermal conductivity of calcium carbonate is approximately 2.19 W/mK (Awad
2011).
From his chapter on Fouling of Heat Transfer Surfaces, Awad (2011) notes that fouling
of heat exchange surfaces is a very complex phenomenon and is considered as the
most unknown factor in heat exchanger design. He confirms that fouling reduces the
heat transfer rate, but also increases the pressure drop over the component due to the
decrease in sectional flow area and the associated velocity increase.
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Awad (2011) highlights possible parameters that influence fouling, these are:
Fluid Flow velocity: Keeping fluid flow velocity high tends to decrease the fouling
rate, but also keeping the flow velocity uniform and constant also helps to decrease
the fouling rate. This sentiment is supported by both Nesta (2004) and an article
published by Delta Heat Exchangers (Fouling in Heat Exchangers 2013). There
is a limit to the maximum velocity where the pressure drops become excessive
and also a point where erosion becomes prevalent. The literature also notes that
suspended foulants will tend to deposit in regions where the velocity slows.
Surface Temperature: According to Awad (2011), the literature is contradictive
in this area, some note an increase in fouling rate as the surface temperature
increases, others show the opposite while some claim it has no effect. He suggests
that its safer to assume fouling will increase as the surface temperature increases
due to what he terms the baking on effect. In his notes he recommends to not ex-
ceed a surface temperature of 60◦C. This will be compared to the inner and outer
surface temperatures found based on the recommendations by Toulouevski & Zin-
urov (2010) when designing water-cooled components where they recommend to
not exceed waters boiling temperature for the cooled surface temperature.
Surface roughness: Smooth surfaces are reported to delay the onset of fouling as
rough surfaces tend to promote the onset of fouling due to the increased avail-
ability of nucleation sites. Based on the above, it would indicate that the drilled
passages would be a more optimal solution by being better suited to providing
the uniform velocities and smoother machined surface finishes.
Water Quality: Lastly, Awad (2011) makes mention of the cooling water quality.
By managing the plant water suspended solids and hardness can help delay the
onset of fouling and sediment build up.
2.5 Summary
From the literature reviewed, there was a reasonable amount of data available from
the furnace operation in order to establish the expected gas flow rates and expected
temperatures at various stages in the process and position in the furnace.
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It was found that the literature on heat transfer from flames was very specific to con-
trolled impinging flames where the geometry of the burner and distance of the burner
from the target form a key component in the correlation used to calculate the heat
transfer. Due to the nature of the furnace operation with the bed constantly changing
due to its consumption and periodic charging as well as the constant height adjustments
of the pressure ring above the bed due to electrode regulation used to control the arc,
it was concluded that these correlations would not be valid or applicable to this case.
With the data from the furnace background, a CFD model was created to estimate the
gas flow velocities, trajectories and temperature distributions and would yield a more
reasonable approximation of the heat transfer to the pressure rings.
The recommended design limitations for water cooled components designed for use
in furnaces have been reviewed and will be used to evaluate how the pressure ring
designs compare to these recommendations, particularly with respect to the surface
temperatures of the exposed faces and the cooling water interface temperatures.
Cooling water quality was found to contribute to the rate of fouling of the heat transfer
surfaces, however this is not unique to the components design and needs to be managed
through process controls during the operation of the furnace. From the literature,
careful design of the cooling water passages can help in reducing the onset of the
fouling rate and hence the overall durability of the water cooled component.
Chapter 3
Pressure Ring description and
differences between the two
designs
3.1 Chapter overview
This chapter outlines the functional purpose of the pressure ring and the design details
of each design.
3.2 Purpose of the Pressure Ring
The pressure ring segment is a key component in the lower electrode assembly of a
submerged arc furnace. The segments are linked together to form a ring structure
around the electrode and are required to perform two key functions. The first is to
provide a reaction beam structure for the pressure bellows to react against while it
presses the electrode contact shoe against the electrode casing. The second function
is to provide a protected environment for the pressure bellows from the harsh furnace
environment.
In an electric arc furnace, electrical energy is used in the smelting process and is de-
livered to the furnace electrodes via an electrical bus-tube system made up of hollow
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water-cooled copper tube and contact blocks that transfer the current to the electrode
casing known as the contact shoes. In this case, the furnace power is rated at approx-
imately 20 mega-Watts (MW) for this electrode size. Electrical current per electrode
can peak at around 80 kilo-Amps (kA) with an electrical peak current in each contact
shoe of around 15 kA. Sound mechanical contact between the copper contact shoe and
the electrode casing is therefore critical in order to prevent arcing and damage to the
contact shoes. Failure in this area of the electrode assembly will halt the operation of
the furnace and result in production losses as these furnaces are typically designed and
are expected to operate with an annual availability in excess of 94% as indicated by
Eugene Sidorski.
In order to maintain reliability in this area of the furnace, the three key components that
need to operate reliably are the contact shoes, the pressure bellows and the pressure
ring assembly. A reliable pressure ring assembly is thus critical as it is a fundamental
component of the furnace availability. In addition it also indirectly impacts the relia-
bility of the pressure bellows making this specific component even more critical to the
operation.
The operating environment of the lower electrode is in the combustion flame and hot
gasses just above the furnace bed. The components need to be designed to withstand
these high temperatures. In addition to the exposure to the hot furnace environment,
electrical arcing from the furnace bed to the pressure rings can also cause damage and
lead to failure. It is not easy to design the component to withstand arcing damage
and this is generally controlled through furnace operation management by ensuring the
pressure rings are kept from touching the furnace bed.
A lower electrode assembly is shown in the part section CAD model on figure 3.1. The
pressure ring assembly is suspended from the electrode contact shoes that are intern
suspended from the electrode mantle. The electrode mantle is a cylindrical tube that
also encases the electrode and provides a skeleton for suspending electrode components
but it also links the lower electrode to the upper electrode holding and height regulating
system.
In order for the pressure ring to be able to withstand the high temperatures in the
furnace, the design uses water cooling to manage its temperature. The cooling water is
passed through internal passages within the components solid body cooling it through
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Figure 3.1: Part Section CAD model of an assembled electrode.
convective heat transfer to the fluid.
Mechanical loading into the pressure ring assembly is through the radial force from the
bellows acting normal to the electrode centre line. The force in the bellows is generated
by building up water pressure in the bellows by throttling the return line water flow.
The external sizing and shape of the pressure rings are the same for both cases anal-
ysed in this project. This allows interchangeability between them so they can be easily
installed as replacements on the same electrode and provides a good reference for com-
parison.
The key differences between the two designs are the internal cooling water passage
design and the material of construction. These are discussed in further detail in the
following sections.
3.3 Internal design
3.3.1 Cast Pressure Ring internal design
The cast pressure ring design was the first iteration of the design. In this design the
cooling water circuit was integrated with the pressure bellows. Using the cooling water
for cooling as well as providing the required pressure to the bellows.
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In order to build up the required pressure in the bellows, the return line of the cooling
water was throttled. This resulted in a lower flow rate and lower flow velocities than
would have been possible without throttling the return line.
Figure 3.2 shows part sections of the cast pressure rings internal cooling water passages.
Cooling water is introduced to either of the ports on the top of the pressure ring into
the first main chamber of the cooling water passage. The internal cavity is essentially
mirrored about the pressure ring centerline, ensuring that the component is not sensitive
to the flow direction. It then passes into the back transfer port that feeds the water up
into the smaller inlet port to the bellows chamber. After entering the bellows chamber,
the water pressure is used to generate the required force by expanding the bellows. The
water then leaves the bellows chamber, exiting back through the small outlet port and
passed down through the second back transfer port. After exiting the transfer port it
then moves into the second part of the main flow chamber of the pressure ring and out
through the other port on the top of the pressure ring.
Figure 3.2: Sectioned CAD model showing the internal cooling water passages of the cast
pressure ring.
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3.3.2 Manufactured Pressure Ring internal design
In this design, the pressure ring is manufactured from a solid wrought material. The
cooling water and pressure bellows circuits are separated by having a dedicated cooling
circuit and a dedicated pressure circuit.
Figure 3.3 shows part sections of the manufactured pressure rings internal cooling water
passages. With this design, the cooling passages consist of two vertical drilled holes
and two linking horizontal drilled holes. These holes are plugged on each end of the
horizontal holes. Water is introduced at either of the ports on the top of the pressure
ring, passed through the drilled passages and exits via the second port. The pressure
bellows circuit porting is also constructed from a series of drilled and plugged holes.
Water is introduced at either port, passed into the bellows cavity where the pressure
generates the required force by expanding the bellows. The water then exits via the
opposite side porting.
Figure 3.3: Sectioned CAD model showing the internal cooling water passages of the man-
ufactured pressure ring.
3.4 Materials of construction
The materials that the two designs are manufactured from and there specific charac-
teristics are discussed in this section.
The cast pressure ring was manufactured from a cast grade stainless steel and the
manufactured pressure ring was manufactured from a wrought grade high conductivity
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copper. As the focus of the project is on the thermal performance and heat transfer
characteristics of the pressure rings, only the thermal characteristics of the materials
are presented. The variation of thermal conductivity with temperature for the two
materials are shown on figure 3.4, where the advantage copper has over the stainless
steel is clear. Interestingly as the temperature increases, the thermal conductivity of
copper reduces, while that of the stainless steel increases.
Figure 3.4: Variation of thermal conductivity with temperature for typical metallic elements
and alloys (Source: Kreith, Manglik & Bohan 2011)
3.4.1 Cast Pressure Ring
The cast pressure ring was manufactured from ASTM CF-8 which is the equivalent cast
grade of UNS-S30400 Stainless Steel, commonly known as 304. This grade of stainless
steel is from the 300 series family of stainless steels, an austenitic grade stainless steel
which is an iron-base alloy containing a minimum composition of 18% Chrome and 8%
Nickel. This steel offers excellent corrosion resistance, is easily weldable, offers high
heat (scaling) resistance of up to 925◦C and its strength is maintained up to 428◦C
(Stainless Steel Buyers Guide 1999). Another important attribute is that it is non
magnetic, being non magnetic is an important characteristic when selecting materials
for use in an electric arc furnace due to electromagnetic induction. Induction on these
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furnaces can rapidly heat up a magnetic component to red hot temperatures.
The physical properties variation with temperature for stainless steel are shown on
table 6.2. The source of the data was from the UKAEA Technical data sheet Stainless
Steel Austenitic (321).
Table 3.1: Physical properties of stainless steel
Physical properties Value at temperature ◦C
20 100 200 400 600 800
Thermal Conductivity (W/mK) 14.5 16.5 17.5 20.5 23.5 27.0
Specific Heat (J/KgK) 490 500 520 540 550 560
3.4.2 Manufactured Pressure Ring
The manufactured pressure ring was manufactured from a wrought grade copper, typ-
ically a high conductivity copper such as Cu-ETP grade. This grade of copper is
known as an electrolytic tough-pitch copper, is specified as 99.9% copper and has a
very high electrical and thermal conductivity (High Conductivity Coppers Technical
Data TN27 1981). As with the stainless steel is also non magnetic. Copper has a high
creep rate compared to stainless steel and the body temperature of this component
needs to be kept below the required temperature for the designs operating mechanical
stress level. This does not form part of the scope in this project.
The physical properties variation with temperature for copper are shown on table 6.3.
The data source is from data published for electrolytic tough-pitch copper (Cu-ETP),
Data sheet A (High Conductivity Coppers Technical Data TN27 1981).
Table 3.2: Physical properties for copper (Cu-ETP)
.
Physical properties Value at temperature ◦C
20 100 200 300
Thermal Conductivity (W/mK) 393 386 381 376
Specific Heat (J/KgK) 386 393 403 no data
The data from tables 6.2 and 6.3 are used in the conjugate heat transfer analyses as
inputs to the solid material in the software to allow for the change in properties with
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the change in temperature.
3.5 Summary
In this chapter the functional aspects of the pressure ring were discussed as well as the
internal layout and workings of each design.
The outer dimensions as well as the working environments are the same for both pres-
sure ring designs. The internal geometry and cooling philosophy are vastly different,
with the initial cast design having an integrated cooling and pressure circuit and the
newer manufactured design separating these two functions and providing dedicated
circuits for each. The cast design relying on wet area over flow velocity for cooling effi-
ciency while the manufactured pressure ring design relies on high velocity and minimal
wet area in conjunction with the higher conductivity material to deliver the required
cooling.
The change in design also included a change in material from a cast stainless steel
material with its associated benefits to a wrought copper material with seemingly op-
posite benefits. With the stainless steel offering high strength and negligible creep at
elevated temperatures, being cast, affording the flexibility to maximise the wet area
to a wrought copper material offering superior thermal conductivity and more uniform
characteristics than a cast material but with the associated manufacturing constraints,
lower strength and low creep resistance.
Chapter 4
Calculation of the furnace heat
loading to the Pressure Rings
4.1 Chapter Overview
The furnace off gas system enclosed in the region between the furnace bed and the
furnace roof is investigated in order to establish a base line heat loading from the furnace
environment to the pressure rings. This chapter outlines the theory and methodology
used to predict the gas temperatures and velocities within this volume. These quantities
are then used in the estimation of the heat transfer convection coefficients and radiation
temperatures to be applied to the pressure rings for the conjugate heat transfer analysis.
4.2 Introduction: Furnace environment
Based on the literature reviewed, heat transfer from combusting flames is a very com-
plex subject that varies tremendously depending on a large number of factors. These
factors range from the fuel-oxidizer used, the type of flame, the geometry of the target
and its relative position from the flame, etc. Due to these large number of variables,
no definitive empirical or semianalytical expression or equation can be applied to this
case with any reasonable accuracy or confidence.
As this is a comparative evaluation of two designs having the same exposed outer
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geometry and operating in the same environment, a simplified CFD model of the gas
temperatures and velocities should provide a reasonable estimation of the conditions in
order to base the calculation of the heat transfer convection coefficients and radiation
temperatures.
The operating environment of the electrode pressure rings is within the volume enclosed
between the furnace bed and the furnace hood. In this region, the preheated CO gas
emerging from the bed is combusted as it mixes with ambient air that is drawn in
through the side openings in the furnace. The drawn in air provides the oxidizer for
the combustion reaction, but due to the large excess volumes of air, it is also used to
cool the bulk exhaust gas being drawn off the furnace by the gas offtake fans. Gas
outlet temperature is controlled to a target temperature range of approximately 600-
700 ◦C by varying the flow rate of the offtake gas being extracted. As the CO gas being
produced in the furnace is reasonably constant, varying the quantity of gas drawn off
will vary the quantity of dilute ambient air being drawn in.
The temperature of the gas within this volume of the furnace is not expected to be
uniform and it is reasonable to assume there are large temperature gradients and fluc-
tuations moving through the region due to a high temperature combustion region at
the bed and an influx of cool ambient air being drawn in. The velocities are also not
expected to be uniform, but rather to vary in both velocity and direction. This will
impact on the heat transfer coefficients that are to be applied to the pressure rings in
the conjugate heat transfer analysis.
In order to predict a reasonable operating temperature range of the furnace, the adi-
abatic flame temperature of carbon monoxide (CO) combustion in air was evaluated.
Following that, the gas temperature distribution and velocities were estimated by means
of a simplified CFD model of the gas flows. These temperature and velocity variations
and distributions were used to estimate the convection and radiation coefficients.
4.3 Combustion
Combustion is an exothermic chemical reaction where a large quantity of heat energy
is given off when a fuel is oxidised. The most common oxidiser in industrial combustion
processes is air, with an approximate composition of 79% N2 and 21% O2 by volume
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(or mole basis)(Cengel & Boles 2006) for use in combustion calculations. The molar
quantity of oxygen and nitrogen from this simplified composition of air for use in the
chemical reaction analysis are calculated from the ratio: 79/21 = 3.76. Hence for 1
kmole of O2 there are 3.76 kmole of N2.
The theoretical minimum amount of air required for complete combustion of a fuel
is termed the stoichiometric air. This results in a balanced equation without any
uncombined oxygen and/or CO in the byproducts (Cengel & Boles 2006).
The balanced chemical equation for the stoichiometric combustion of carbon monoxide
(CO) in air is given by:
CO + 0.5O2 + 1.88N2 → CO2 + 1.88.N2 (4.1)
For the combustion reaction to take place, the fuel and oxidiser can be be mixed within
a range (specific to the fuel and oxidiser), and not necessarily only at the stoichiometric
ratio. This means that there can combustion with more or less air quantity than is
theoretically required for stoichiometric combustion. This range is described as the
flammability limit of a fuel-air mixture (Winterbourne 1997). For CO gas combustion
in air, the flammability range is between a lower (lean) limit of 12.5% fuel volume in
air, up to an upper (rich) limit of 74.2% fuel volume in air as shown on Figure 4.1.
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Figure 4.1: Flammability Limits of certain Fuel-Air Mixtures (Source:SELECTED READ-
INGS energy Tech Reading 3)
In addition to being within the flammability limits, the temperature of the gas mixture
also needs to be above the fuels ignition temperature. This is the temperature required
to initiate the chemical reaction. The ignition temperature for CO is approximately
610 ◦C (Cengel & Boles 2006).
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In a typical open ferroalloy furnace, the CO gas exits the bed at an average temperature
of approximately 600 ◦C (Yang et al. 2004) or higher as shown by (Jalkanen et al. 1995).
Combustion is spontaneous as the ingested ambient air mixes with the hot CO gas
to within the flammability limits. Due to the average CO gas being around 600◦C,
it is probable that the local regions of higher temperature initiate the combustion
reaction and continuous combustion above the bed ensures the reaction continues as
the continuous flow of generated CO gas emerges out of the bed.
In order to estimate the maximum expected temperature in the furnace, the adiabatic
flame temperature of CO gas combusting in air was evaluated.
4.3.1 Adiabatic flame temperature:
The adiabatic flame temperature is defined as the theoretical maximum combustion
temperature of a gas mixture where there is no heat transfer from the combusted
products to the surroundings (Buttsworth & Sharifian 2012). The adiabatic flame
temperature is always higher than the actual temperature encountered. Some of the
reason for this is that at high temperatures, some of the combustion products dissociate.
This could be in the form of free Carbon, O radicals, and even back into reactants,
these changes in the chemistry absorb some of the heat energy resulting in a lower
flame temperature.
The adiabatic flame temperature of a fuel is not unique and its value will vary depending
on:
• The chemical composition of the fuel (the state of the reactants).
• The degree of completion of the reaction.
• The air-fuel ratio.
• The initial temperature of the reactants (degree of preheat).
Calculating the adiabatic flame temperature of the stoichiometric air ratio of CO gas
in dry air at the reference temperature of 25◦C and 1 atm for the reactants:
From the energy balance, Cengel & Boles (2006) show that a chemically reacting steady-
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flow system is described as:
Qin +Win +
∑
Nr(h
o
f + h− ho)r = Qout +Wout +
∑
Np(h
o
f + h− ho)p (4.2)
Rearranging this expression and by taking the heat transfer to the system (Qin) and
work done by the system (Wout) as positive:
Qin +Qout −Win −Wout =
∑
Np(h
o
f + h− ho)p −
∑
Nr(h
o
f + h− ho)r (4.3)
Where the total enthalpy of the products and reactants are:
Hprod =
∑
Np(h
o
f + h− ho)p (kJ/kmolfuel) (4.4)
Hreact =
∑
Nr(h
o
f + h− ho)r (kJ/kmolfuel) (4.5)
where:
h
o
f is the enthalpy of formation at the standard reference state [kJ/kmol].
h
o
is the sensible enthalpy at the standard reference state [kJ/kmol].
h is the sensible enthalpy at the specified state [kJ/kmol].
The standard reference state is taken as 25◦C and 1 atm.
(Cengel & Boles 2006)
For a combustion reaction, heat input is generally considered to be zero (Qin = 0), and
for a steady-flow combustion process, the work term is ignored as this process doe not
involve any work (W=0). When considering the adiabatic flame temperature, no heat
is lost to the surroundings, making Qout = 0 Eliminating these terms and re-writing
equation 4.3 gives:
Hreact = Hprod (4.6)
From this, by calculating the enthalpy of the reactants and then finding the corre-
sponding product enthalpy at its combustion temperature through an iterative and
interpolation process, the adiabatic flame temperature is calculated.
Calculating the adiabatic flame temperature for the stoichiometric combus-
tion of CO in air:
From the balanced chemical reaction:
CO + 0.5O2 + 1.88N2 → CO2 + 1.88N2 (4.7)
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Table 4.1: Enthalpy values for the species considered in the combustion of CO in air.
h
o
f h h
o
Substance kJ/kmol kJ/kmol kJ/kmol
CO -110,530 8,669 8,669
O2 0 8,682 8,682
N2 0 8,669 8,669
CO2 -393,520 9,364 9,364
The enthalpy values summarised on Table 4.1 were taken from the ideal gas properties
tables (Cengel & Boles 2006).
The enthalpy of the reactants is:
Hreact = (h
o
f + h− ho)CO + 0.5(hof + h− ho)O2 + 1.88(hof + h− ho)N2 (4.8)
Hreact = (−110530 + 8669− 8669) + 0.5(0 + 8682− 8682) + 1.88(0 + 8669− 8669)
Hreact = −110 530 kJ/kmolfuel
The temperature of the products after combustion is initially guessed. The final tem-
perature is then narrowed down through an iterative process of additional estimates and
interpolation. This final temperature of the products corresponding to the enthalpy of
the reactants is the adiabatic flame temperature.
A first estimate of the products temperature is evaluated, assuming Tad1=2600 K, the
enthalpy of the products at 2600K is:
H
2600K
prod = (h
o
f + h− ho)CO2 + 1.88(hof + h− ho)N2 (4.9)
H
2600K
prod = (−393, 520 + 137, 449− 9, 364) + 1.88(0 + 86, 650− 8669)
H
2600K
prod = −118 830 kJ/kmolfuel
This is lower than the enthalpy calculated for the products. For the next estimate, the
temperature will be increased.
Assuming Tad2=2700 K, the enthalpy of the products at 2700K is:
H
2700K
prod = (h
o
f + h− ho)CO2 + 1.88(hof + h− ho)N2 (4.10)
H
2700K
prod = (−393, 520 + 143, 620− 9, 364) + 1.88(0 + 90, 328− 8669)
H
2700K
prod = −105 745 kJ/kmolfuel
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This is higher than the enthalpy calculated for the products. This indicates that the
adiabatic flame temperature is between 2600 and 2700 K and is now found through
interpolation:
Tad − T2600
T2700 − T2600 =
HTad −H2600
H2700 −H2600 (4.11)
Tad − 2600
2700− 2600 =
−110, 530 + 118, 830
−105, 745 + 118, 830
Tad = 2, 663.4 K
The calculated adiabatic flame temperature calculated in equation 4.11 was based on
the following assumptions:
• The air is dry.
• The fuel and oxidiser are initially at 25◦C (no preheating).
• There is no heat lost to the surroundings.
• Combustion is complete.
• The reaction is in stoichiometric proportions (no excess air or fuel).
Calculating the adiabatic flame temperature at the stoichiometric fuel-air ratio gives the
highest possible flame temperature when considering the range within the flammability
limit as there is no additional mass flow of unreacting gas species that absorb energy
from the reaction.
Variation from the stoichiometric ratio of fuel to air in a combustion mixture can either
be due to excess air (lean mixture), or excess fuel (rich mixture) within the flammability
range. This variation is know as the equivalence ratio, and is defined as the actual fuel-
air ratio over the stoichiometric fuel-air ratio (Buttsworth & Sharifian 2012):
φ =
(F/A)
(F/A)stoic
(4.12)
(The equivalence ratio is sometimes expressed as the ratio of air to fuel rather than the
ratio of fuel to air).
4.3 Combustion 33
The balanced chemical reaction equations for stoichiometric combustion is modified for
a lean and rich mixture of CO combusting in air is by including the equivalence ratio:
For a lean mixture, the chemical reaction will have free oxygen in the products due
to excess air:
φCO + 0.5O2 + 1.88N2 → φCO2 + (1− φ)0.5O2 + 1.88N2 (4.13)
Equation 4.13 is valid for φ < 1.
For a rich mixture, the chemical reaction will have additional CO in the products
due to incomplete combustion. This is shown:
φCO + 0.5O2 + 1.88N2 → φCO2 + (1− φ)CO + 1.88N2 (4.14)
Equation 4.14 is valid for φ > 1.
Matlab was used to evaluate the adiabatic flame temperature for lean and rich mixtures
within the flammability limits to illustrate the effect and the results are shown on figure
4.2. The graph clearly shows that the highest adiabatic flame temperature occurs at
an equivalence ratio of unity (stoichiometric).
The code was written using equations 4.13 and 4.14 to calculate the adiabatic flame
temperatures using the methods outlined earlier in this chapter. The MATLAB code
is included in appendix C.1.
4.3.2 Adiabatic Flame Temperature with Fuel Preheat
The adiabatic flame temperature can vary depending on the initial state of the reactants
just prior to combustion. As discussed earlier, preheating either the fuel or the oxidiser
or both will tend to increase the adiabatic flame temperature.In this case, the carbon
monoxide gas (fuel) is preheated as it percolates through the hot furnace bed and when
it emerges at the surface it is estimated to have been preheated to at least 600◦C (Yang
et al. 2004).
The resulting adiabatic flame temperature based on the CO preheat of 600◦C while
maintaining the air temperature as 25◦C is calculated as follows:
The enthalpy values summarised on table 4.2 were taken from the ideal gas properties
tables (Cengel & Boles 2006).
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Figure 4.2: Adiabatic Flame Temperature for CO Combustion over varied equivalence
ratios
Table 4.2: Enthalpy values for the species considered in the combustion of CO in air with
preheated CO to 600◦C.
h
o
f h h
o
Substance kJ/kmol kJ/kmol kJ/kmol
CO -110,530 26,188 8,669
O2 0 8,682 8,682
N2 0 8,669 8,669
CO2 -393,520 9,364 9,364
The enthalpy of the reactants are:
Hreact = (h
o
f + h− ho)CO + 0.5(hof + h− ho)O2 + 1.88(hof + h− ho)N2 (4.15)
Hreact = (−110530 + 26, 188− 8669) + 0.5(0 + 8682− 8682) + 1.88(0 + 8669− 8669)
Hreact = −93 024 kJ/kmolfuel
A first estimate of the products temperature is evaluated:
Assuming Tad1=2700 K, the enthalpy of the products at 2700K is:
H
2700K
prod = (h
o
f + h− ho)CO2 + 1.88(hof + h− ho)N2 (4.16)
4.3 Combustion 35
H
2700K
prod = (−393, 520 + 143, 620− 9, 364) + 1.88(0 + 90, 328− 8669)
H
2700K
prod = −105 745 kJ/kmolfuel
This is lower than the enthalpy calculated for the products. For the next estimate, the
temperature will be increased.
Assuming Tad2=2800 K, the enthalpy of the products at 2800K is:
H
2800K
prod = (h
o
f + h− ho)CO2 + 1.88(hof + h− ho)N2 (4.17)
H
2800K
prod = (−393, 520 + 149, 808− 9, 364) + 1.88(0 + 94, 014− 8669)
H
2800K
prod = −92 627 kJ/kmolfuel
This is higher than the enthalpy calculated for the products. This indicates that the
adiabatic flame temperature is between 2700 and 2800 K with the effect of the preheated
CO, and is now found through interpolation:
Tad − T2700
T2800 − T2700 =
HTad −H2700
H2800 −H2700 (4.18)
Tad − 2700
2800− 2700 =
−93, 024 + 105, 745
−92, 627 + 105, 745
Tad = 2, 797 K
The stoichiometric adiabatic flame temperature with preheated CO is roughly 133
Kelvin higher than the stoichiometric adiabatic flame temperature evaluated at the
standard reference temperatures. Approximately a 5% increase in temperature. Baukal
(2000) note of the fact that the effect of fuel pre-heat is minimal when compared to
the effect of preheating the oxidiser. Pre-heating the air has a greater influence on
the adiabatic flame temperature as air makes up a greater percentage of the mixtures
mass. To illustrate this point, the adiabatic flame temperature with preheated air to
600◦C and reference temperature CO was calculated as: 2982 K This is an increase
of 318 Kelvin, 11.9% increase over the non preheated stoichiometric adiabatic flame
temperature.
It is not likely that the dilute air will be pre-heated, hence it is reasonable to assume
that the highest possible adiabatic flame temperature will be the one calculated when
considering the CO gas preheat. This adiabatic flame temperature of 2797 Kelvin will
be the temperature used in the remainder of this chapter.
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4.4 CFD model of the gas volume within the furnace
In order to estimate the gas temperature and velocity distributions that the pressure
rings could be exposed to within the furnace, a simplified CFD model of the furnace
gas flows was created.
The model consisted of the gas volume between the furnace bed and hood that enclosed
the electrodes. The combustion process was simplified by assuming the CO gas had fully
combusted at stoichiometric proportions just before entering the domain. The hot gas
volume of stoichiometric combustion product was assumed to be at the adiabatic flame
temperature calculated in equation 4.18. Additional dilution air enters the domain
volume through the two side openings in the furnace. The hot gas combustion product,
mixed with dilute air is extracted from the furnace via two exhaust gas stacks by means
of an extraction fan.
4.4.1 Model assumptions and constraints
The furnace properties in this model are based on a 20MW high carbon ferrochrome
furnace, using the parameters from a paper on CFD modeling of transport phenomena
in a submerged arc furnace presented by Yang et al. (2004) as the reference. 20MW is
a common size for a ferrochrome furnace with an electrode diameter close to the size
on with the pressure ring model is based on.
Inlet gas temperature and flow rate:
The inlet gas was assumed to be entering the domain normal to the bed that has been
simplified to be level.
The inlet gas is assumed to be fully combusted CO gas in air being made up of carbon
dioxide (CO2) and Nitrogen (N2) in stoichiometric proportions.
The mass flow rate of the hot combusted gas into the domain is that of the combusted
products based on the calculated CO production rate in the furnace bed.
It is assumed to be at the adiabatic flame temperature of 2797 K, as calculated in
equation 4.18.
Inlet gas velocity and inlet area:
From the discussion in the furnace background of chapter 2, the CO gas generation is
4.4 CFD model of the gas volume within the furnace 37
Figure 4.3: Estimated reaction zones around the electrodes and the area for gas inlet into
the domain.
expected to be concentrated in the reaction zones around the electrodes and in the slag
layer pool. This region was simplified in the model to be represented by three circles,
each originating at the electrode centerlines and intersecting at the furnace center, as
shown on figure 4.3.
The area of the three circles representing this zone less the sectional area of the three
electrodes was used as the area through which the combustion volume of hot gas entered
the domain. The volume of gas divided by the area gave the average velocity of gas
into the velocity inlet in the model.
4.4.2 Calculations of gas volume flow rate and velocity for the gas
inlet boundary condition
CO gas is generated in a smelting furnace due to the reducing reactions in the furnace
bed (Kapure et al. 2007). The quantity of CO gas generated ranged from 600Nm3/t
alloy produced (Yang et al. 2004) to values of 650-700 Nm3/t alloy produced (Kapure
et al. 2007). The model reference 20MW furnace is rated to produce 5 tonnes of alloy
per hour based on a power consumption of 4000 kWh/tonne alloy produced (Yang
et al. 2004). The CO gas generated will be 600x5=3000 Nm3/hour when using the
generation rate quoted by (Yang et al. 2004) or 700x5=3500 Nm3/hour when using the
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generation rate quoted by (Kapure et al. 2007). The average generation rate between
the above data was used as the reference for the CO gas generated for the model. The
average CO gas generated is (3000 + 3500)/2 = 3250Nm3/hour.
The gas volumes are typically quoted in terms of Normal meters cubed (Nm3). Normal
meters cubed is a standard measure to relate gas volumes at different temperatures. It
is the volume of gas taken at a reference temperature of 0◦C and at a reference pressure
of 101 325 Pa.
Calculating the volume flow rate of combustion products:
The overall mass flow rate of hot combustion gas into the domain was calculated as
outlined below:
From the CO generation rate of 3250 Nm3/hour, the per second rate is 3250/3600 =
0.9028 Nm3/second.
The molar flow rate of CO gas is:
PV˙ = N˙RuT (4.19)
(101, 325)(0.9028) = N˙CO(8314.5)(273)
N˙CO = 0.0403 (kmol per second)
Where:
• P is the pressure [Pa].
• V˙ is the volume flow rate [Nm3/second].
• N˙ is the molar mass flow rate [kmol/second].
• Ru is the universal gas constant [Ru = 8314.5J/kmol.K].
• T is the temperature [K]
From the balanced chemical equation for the stoichiometric combustion of carbon
monoxide (CO) in air, equation 4.20, combustion of 1 kmol CO requires 0.5 kmol
of O2 with 1.88 kmol of N2 being present.Therefore, for 0.0403 kmol of CO per second,
there will be (0.5)(0.0403)=0.02015 kmol of O2 with (1.88)(0.0403)=0.075764 kmol of
N2 present.
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After combustion, there will be 0.0403 kmol of CO2 per second and 0.075764 kmol of
N2.
CO + 0.5O2 + 1.88N2 → CO2 + 1.88N2 (4.20)
(0.0403)CO + (0.0403)(0.5)O2 + (0.0403)(1.88)N2 → (0.0403)CO2 + (0.0403)(1.88)N2
(0.0403)CO + (0.2015)O2 + (0.075764)N2 → (0.0403)CO2 + (0.075764)N2
The mole fraction of CO2 in the combustion product mixture at stoichiometric air is:
XCO2 =
NCO2
NCO2 +NN2
(4.21)
=
0.0403
0.0403 + 0.075764
=
0.0403
0.116064
= 0.3472
The mole fraction of N2 in the combustion product mixture at stoichiometric air is:
XN2 =
NN2
NCO2 +NN2
(4.22)
=
0.075764
0.116064
= 0.65278
The molecular weight of the combustion product mixture is:
MWmix = NCO2MWCO2 +NN2MWN2 (4.23)
= (0.3472)(12 + 32) + (0.65278)(28)
= 33.556 kg/kmol
The mass flow rate of combusted gas generated per second:
m˙prod = N˙CO2MWCO2 + N˙N2MWN2 (4.24)
= (0.0403)(12 + 32) + (0.075764)(28)
m˙prod = 3.895 kg/s
The specific gas constant of the combusted products is:
Rprod =
Ru
MWmix
(4.25)
=
8314.5
33.556
= 247.783 J/kg.K
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The mass flow rate of the combusted products converted to a volumetric flow rate at
the adiabatic flame temperature:
PV˙ = m˙RprodT (4.26)
(101, 325)V˙ = (3.895)(247.783)(2797)
V˙ = 26.64 m3/s
In the above equation, it is assumed there is little variation from atmospheric pressure
above the bed and that atmospheric pressure is assumed to be 101.325 kPa.
The cross section area of the inlet boundary condition is 25.46m2 and is highlighted on
figure 4.4.
The volumetric flow rate of hot combusted gas is then divided by the idealized reaction
zones projected area on the bed surface to give the average gas velocity entering the
domain.
V˙ = Av (4.27)
26.64 = (25.46)v
v = 1.0463 m/s
The velocity of 1.0463 m/s from equation 4.27 is the velocity used in the CFD model
for the hot gas inlet velocity boundary condition into the domain.
Calculating the volume flow rate of the furnace off-gas:
The target off-gas temperature is between 600 and 700◦C as per the industry norms
provided by Dr O. Demir.
In order to establish an initial estimate of the mass flow of dilute air to achieve a
blended gas temperature of approximately 600◦C for the initial conditions in the CFD
model, the following procedure was used:
From figure 4.2, showing the effect of the equivalence ratio on the adiabatic flame
temperature, for a temperature of around 600◦C, the corresponding equivalence ratio
is around 0.18. Using this ratio in equation 4.12, that defined the equivalence ratio
earlier:
φ =
(F/A)act
(F/A)stoic
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Figure 4.4: Area of the idealized reaction zone and gas inlet boundary.
0.18 =
(F/A)act
0.4079
(F/A)act = 0.0734
The mass flow rate of fuel is calculated from the molar flow rate of equation 4.19 of
0.0403 kmol per second, multiplied by the molar mass of CO, (0.0403)(12 + 16) =
1.1284 kg/s.
Then:
(F/A)act =
mfuel
mair
mair =
1.1284
0.0734
mair = 15.37kg/s
Thus the total mass flow rate of extracted gas is then 1.1284 kg/s + 15.37 kg/s =
16.497 kg/s.
Dividing this between the two off-gas stacks, gives 8.25 kg/s per duct to be extracted.
The above mass flow rate should result in sufficient dilute air to be mixed with the hot
inlet gas to cool the off-gas to the target temperature. This is the initial target value
used in the gas outlet Exhaust Fan boundary condition.
4.4.3 CFD Model Meshing
The gas volume was modelled in Creo2 and imported into the ANSYS design modeler
from meshing. The CAD drawing of the imported geometry is shown on figure 4.5. In
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Figure 4.5: CAD drawing of the gas volume showing key dimensions.
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design modeler, the surfaces representing the combustion product inlet to the domain
and the two side inlets of the furnace for ambient air were drawn and the surfaces were
split. Named selections were applied to the regions as shown on figures 4.6(a) and
4.6(b) for the gas inlet, the two ambient air inlets and the two gas outlets.
The volume was meshed with a target maximum element count of between three to
four million elements. This was the number of elements that seemed to be the limit for
the machine that was being used. The maximum skewness target to obtain (or better)
was 0.8.
The mesh psychics preference was set to CFD, with the solver preference set to FLU-
ENT. The relevance was maintained at the default setting of zero. The advanced size
function was used, on-curvature with the Relevance Center set to Fine, smoothing to
high and transition to slow. The Maximum face size used was 60mm and the maximum
size was 120mm, using the default growth rate of 1.2.
The mesh settings and mesh statistics are shown on figure 4.7.
4.4.4 CFD Solution Setup
Launching FLUENT, double precision and parallel processing options were selected.
Model checks and report quality were conducted, with a minimum orthogonal quality
of 0.2367 and a maximum aspect ratio of 18.711. Gravity was set as −9.81m/s2 in
the Y-Direction. For the viscous model, the resizable k − ε model with a scalable wall
function was used. The full buoyancy effects option was enabled as there was a large
variation in gas density expected due to the large temperature differences. Energy was
enabled. The model tab from ANSYS is shown in figure 4.9.
Combustion Gas Inlet:
The inlet velocity and gas temperatures that were calculated earlier were applied to the
gas inlet named selection. The inlet boundary condition applied to the volume inlet
was a velocity inlet with a magnitude of 1.0463 m/s in the positive Y-Direction. The
initial gauge pressure was set as zero, with the inlet temperature of 2797 Kelvin.
Ambient Air Inlet:
The ambient air inlets were set as pressure inlets, with the Gauge total pressure and
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(a) Named selections viewed from the top.
(b) Named selections viewed from the bottom.
Figure 4.6: Named selections applied to surfaces of the gas volume model.
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Figure 4.7: Mesh Parameters and Result Statistics.
Figure 4.8: Mesh metric result graph.
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Figure 4.9: Viscous Model settings.
initial pressures set to zero. The ambient air temperature was set as 298 Kelvin (25◦C).
Main Gas Outlet:
The gas outlet boundary conditions were set as exhaust-fan type. The target mass
flow was set as 8.25 kg/s each, as calculated earlier. The upper and lower limits of
absolute pressure were set as the ambient pressure of 101 325 Pa for the upper limit
and 1 for the lower limit. The estimated gauge pressure was set at -10 Pa. The
turbulence specification method was set as Intensity and hydraulic diameter, with the
backflow intensity at the default 10% and the hydraulic diameter set to 2.4m. The
hydraulic diameter for a non circular duct is given by equation 4.28 (Fox, Pritchard &
McDonald 2009):
Dh =
4A
P
(4.28)
=
4(3)(2)
2(3) + 2(2)
= 2.4m
where:
• Dh is hydraulic diameter [m].
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• A is the cross sectional area perpendicular to the flow [m2].
• P is wetted perimeter [m].
The mass flow rate of the exhaust gas was adjusted during the simulation so that the
average temperature of the exhaust gas was between 600 and 700◦C as per the industry
target provided by Dr Orhan Demir.
The remaining walls of the furnace were considered to be perfectly insulated (adiabatic)
as they are lined in a refractory that has a low thermal conductivity, with heat loss
being being negligible when compared to the heat lost out of the gas offtakes.
The material type was a fluid, using a modified version of the standard air proper-
ties from the FLUENT database as the material. Due to the expected variation in
temperature, the Density, specific heat capacity, thermal conductivity and viscosity of
the air was changed to piecewise-linear functions. The input data was from Table 3
of Buttsworth & Sharifian (2012), and the values input into the ANSYS material are
shown on table 4.3.
Table 4.3: Thermodynamic Properties of Air (Data adapted from Table 3, Buttsworth &
Sharifain 2012)
Point 1 2 3 4 5 6 7 8
Temperature (K) 300 600 900 1200 1500 1800 2100 2500
Density (kg/m3) 1.177 0.5804 0.3868 0.2902 0.2322 0.1935 0.1659 0.1389
Specific Heat (J/kgK) 1.005 1.051 1.121 1.175 1.23 1.286 1.372 1.665
Thermal conductivity
26.7 46.9 62 76.3 100 120 147 222
(×10−3W/mK)
Viscosity
184.3 305.8 398.1 473 557 637 715 818
(×10−7kg/ms)
Solution methods: Solution methods for the Pressure-Velocity Coupling were set as
the simple scheme. Spatial Discretization settings were least squares cell based for the
gradient, PRESTO for the Pressure and first order upwind for the remaining settings.
Residuals The residuals were all set to 1×10−4 except for energy being set to 1×10−6.
Initialization Initialization method used was the standard initialization, computed
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from the gas inlet.
4.4.5 CFD results
Figure 4.10 shows the ANSYS tabulated data created in CFD post of the key analysis
data. The results on the table were calculated by ANSYS in POST. The data is based
on the Area-Weighted average of the selected areas on the table. The data confirms the
key inputs and provides the desired results such as the average outlet gas temperatures
and flow rates.
Figure 4.10: ANSYS output table of key results from the analysis.
(a) Named selections viewed from the
top.
(b) Named selections viewed from the bot-
tom.
Figure 4.11: Planes for contour evaluation.
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Figure 4.12: Plan view on furnace showing the mirror effect of the gas flows.
Two planes were created through two of the three electrode centerlines, and passing
through the centerline of the furnace, as shown on figure 4.11. These two electrodes
were selected because of the mirroring effect of the flow due to the positioning of the
two off-gas ducts, as shown on figure 4.12. It was decided that using the two electrodes
with similar surrounding flows should give a better average of the temperatures and
velocities that can be expected for a pressure ring that is positioned where the plane
cuts through the electrode.
Temperature profiles and velocity vector plots were created on each of the planes.
Temperature probes were taken in the positions shown on figure 4.13 for the electrodes
on each plane and tabulated on table 4.4. The horizontal lines are evenly spaced from
the underside of the contact shoe to the top of the pressure ring body.
The average temperature for each position of the back face area, corner and bottom face
were calculated. These local average values of the four positions were then averaged to
provide a temperature relationship between the temperatures expected at the bottom,
edge and back faces of the pressure rings. Figure 4.14 show the two temperature profile
plots, with the velocity vector plots shown on figure 4.15.
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Figure 4.13: Temperature contour probe reading positions with the CAD model of the
electrode superimposed.
Table 4.4: Temperature readings from the two section planes
Plane 1 Plane 1 Plane 2 Plane 2 Total
Left (K) Right (K) Left (K) Right (K) ave (K)
Vertical Average: 2112.5 1570 2029 1583 1823
1500mm above bed 1930 1240 1870 1300
1350mm above bed 2030 1460 1940 1420
1200mm above bed 2180 1680 2080 1690
1050mm above bed 2310 1900 2225 1920
Corner 2410 2140 2313 2120 2246
Bottom Average: 2533 2317 2463 2327 2410
Bottom outside 2450 2200 2380 2230
Bottom middle 2540 2330 2470 2340
Bottom inside 2610 2420 2540 2410
Ratio (Btm/Vert) 1.20 1.48 1.21 1.47 1.34
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(a) Temperature profile on plane 1.
(b) Temperature profile on plane 2.
Figure 4.14: Temperature profile plots on planes 1 and 2.
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(a) Velocity vectors on plane 1.
(b) Velocity vectors on plane 2.
Figure 4.15: Velocity vector plots on planes 1 and 2.
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Figure 4.16 shows the temperature variation on streamlines of gas as it emerges from
the bed, then blending with the drawn in ambient air before being sucked out the
outlets. Figure 4.17 shows the same streamline vector plot as figure 4.16, but includes
the streamline vector plot of the drawn in ambient air originating at the side opening.
Figure 4.16: Temperature and velocity vectors plotted from streamlines originating at the
hot gas inlet.
Figure 4.17: Temperature and velocity vectors plotted from streamlines originating at the
hot gas inlet and the ambient air side inlet.
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4.4.6 CFD discussion and summary
The CFD model presented in this section was created in order to provided a better
understanding of the dynamics of the gas temperatures and velocities within the furnace
hood volume. Due to the simplifications imposed on the model, it is not expected to
be accurate, but to rather provide a better estimation of the temperature and velocity
profiles within the furnace. This data is then used in the calculation of the convection
heat transfer coefficients and radiation temperatures required as inputs to the final
FLUENT conjugate heat transfer models of the pressure rings.
Results summary
As shown on table 4.10, the average gas offtake outlet temperature of the two ducts is
approximately 670◦C (942.65 Kelvin average). The predicted outlet gas flow rate cal-
culated for this initial conditions underestimated the flow rate by about 11%. However
flow rates used in the CFD model do result in the average off gas temperature to be
within the target range of between 600◦C to 700◦C and should provide a reasonable
representation the conditions within the furnace gas volume.
4.5 Heat loading boundary condition calculations for ap-
plication in the main conjugate heat transfer analyses
The heat load convection factors and radiation heat load bulk fluid temperatures to
be applied to the main conjugate heat transfer analyses of the Pressure Rings were
estimated from the results obtained from the furnace gas CFD model.
When these calculated convection factors and radiation heat load bulk fluid tempera-
tures were applied to the main conjugate heat transfer analyses of the Pressure Rings,
they were found to be too high as they resulted in a temperature increase over the
cooling water circuit in excess of 10◦C.
From a discussion in August 2013, with Mr. E. Sidorski, the Technical Director of a
smelter design company, a reasonable expected temperature delta across a pressure ring
circuit under normal operating conditions should be less than 10◦C. Figures 4.18 and
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Figure 4.18: Photo of the furnace controller screen showing the manifold and tundish bulk
temperatures.
4.19 show pictures taken of a furnace controller screen of a working furnace. Figure 4.18
shows the bulk supply temperature in the manifold is 45.5◦C. The Pressure Ring return
water temperatures are highlighted on figure 4.19, where the calculated average return
temperature for that instant for the Pressure Ring circuits is 51◦C. The lowest being
46.8◦C and the highest being 55.4◦C. The calculated average temperature difference
over the Pressure Ring circuits is 5.6◦C with the lowest found to be 1.3◦C and the
highest was 9.9◦C.
This confirms that the operating temperatures are below 10◦C per circuit as per the
typical design estimates given by Sidorski. It was decided to use the worst case of 9.9◦C
as the base case pressure ring to estimate the adjustment factor required to adjust the
heat load temperatures from the CFD model of the gas flows. This will give the heat
loading expected for the hottest region in the furnace.
Using 10◦C as a bench mark, then using the cast pressure ring design as the reference
model, the adjustment factor for this project was predicted. This was done by applying
the convection and radiation factors that were initially estimated using an adjustment
factor of 1 to the cast pressure ring, then running the conjugate heat transfer analysis
with the calculated flow rate for that design and monitor the temperature rise over the
pressure ring. The adjustment factor was then adjusted until the temperature delta
is found to be 10◦C. Once the heat loading was adjusted to a point where the 10◦C
delta across the circuit was found, this was then set as the base heat load case that is
applied to the other pressure ring model analysed.
From the calibration model discussed above, an adjustment factor of 0.65 discounted
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Figure 4.19: Photo of the furnace controller screen showing the individual return line
temperatures.
Table 4.5: Temperature readings from the two section planes including the adjustment
factor.
Total Adjustment Adjusted
average (K) factor temperature (K)
Vertical Average: 1823 0.65 1185
Corner: 2246 0.65 1460
Bottom Average: 2410 0.65 1567
the temperatures sufficiently to provide a temperature increase of approximately 10◦C
across the reference cast pressure ring model. The full details of this analysis are
included in the conjugate heat transfer analysis of the cast pressure ring in the forth-
coming chapters.
The summarised temperatures including the adjustment factor found from running the
reference conjugate heat transfer model of the cast pressure ring are shown on table
4.5. The temperatures on the right column that have been adjusted will be used used
as the temperatures in the conjugate heat transfer analyses and the calculation of the
heat transfer coefficients in the next section.
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Figure 4.20: Heat loading surfaces.
4.5.1 Heat Load boundary conditions for use in the conjugate heat
transfer analyses
For the conjugate heat transfer analysis, the furnace heat load will be applied to the
FLUENT model by means of convective heat transfer coefficients and radiation loading.
The three main surfaces of the pressure ring model exposed to the furnace environment
are shown on figure 4.20.
These three surfaces were idealised as infinitely long plates in order to estimate the
heat transfer coefficients using correlations for basic shapes proposed by a number of
researchers.
The bulk temperatures that these three main surfaces are exposed to were calculated
in the preceding section. These temperatures as well as the velocities in the regions
were used to estimate the surfaces average heat transfer coefficient as outlined below:
Vertical face heat transfer coefficient:
From the results of the furnace gas volume CFD analysis, the bulk average temperature
in this region was estimated to be 1185 Kelvin (912◦C), and the average upward (y)
velocity parallel with the surface was approximately 4.2m/s.
For the convection heat transfer, the combusting gas is to be approximated as hot gas
moving vertically upward over the pressure ring at the estimated gas velocity. The
theory used to calculate the convective heat transfer coefficient is from a correlation
presented in Kreith, Manglik & Bohn (2011) for gases or fluids flowing over a flat or
slightly curved surface at a zero angle of attack.
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The correlation for the average Nusselt number is given by:
NuL = 0.664Re
0.5
L Pr
0.33 (4.29)
Valid for: Pr > 0.5 and ReL < 5 × 105 The above correlation is for laminar flow, if
the calculated Reynolds number is found to exceed the specified value, the following
correlation takes account of the initial laminar and transitional boundary layers before
flow becomes turbulent:
NuL = 0.036Pr
0.33[Re0.8L + 23, 200] (4.30)
Valid for: Pr > 0.5 and ReL > 5× 105
Both correlations are suitable for low speed flow of gases and liquids with Mach numbers
less than 0.5 and are evaluated at the mean film temperature.
The mean film temperature is given by:
Tfilm =
(Tsurface + T∞)
2
(4.31)
Where: Tfilm is the mean film temperature, Tsurface is the surface temperature of the
plate and T∞ is the bulk temperature of the fluid moving over the plate.
The fluid properties used in the calculation of Nusselts number and Reynolds number
are to be evaluated at the mean film temperature.
The average convection heat transfer coefficient, hc, is calculated from:
hc =
Nuk
L
(4.32)
Where: hc is the average convection heat transfer coefficient (W/m
2K), Nu is the
average Nusselt number, k is the fluids thermal conductivity (W/m.K) and L is the
length of the plate (m).
As the surface temperature of the pressure ring is unknown at the initial stage, MAT-
LAB was used to evaluate the convection coefficient over a range of surface temperatures
maintaining the bulk temperature at 1185 Kelvin (912◦C) and a velocity of 4.2 m/s.
The MATLAB code uses the above equations and is included in Appendix C.5.
From the results shown on figure 4.21, the variation is not significant.
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Figure 4.21: Variation of hc and Re over a range of Pressure Ring surface temperatures.
To confirm the MATLAB results, calculation of the average convection heat transfer
coefficient for a surface temperature of 400◦C, a bulk temperature of 912◦C and an
average velocity of 4.2m/s is shown below:
Mean film temperature:
Tfilm =
(Tsurface + T∞)
2
(4.33)
Tfilm =
400 + 912
2
Tfilm = 656
◦C
It is assumed the properties of the gas are reasonably approximated as hot air as the
bulk of the gas would be made up of the dilute air.
Assuming the hot gas is dry air at the mean film temperature of 656◦C as it flows over
the pressure ring back face, The density, conductivity, viscosity and Prandtl number of
hot dry air at 656◦C was found through interpolation using the data provided in Kreith
et al. (2011), table 28, to be 0.3751 kg/m3, 0.0633 W/mK, 40.576×10−6 [Ns/m2] and
0.7217 respectively.
ReL =
ρU∞L
µ
(4.34)
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=
(0.3751)(4.2)(0.555)
40.576× 10−6
= 2.155× 104
ReL < 5× 105, thus the flow is considered to be laminar, and equation 4.29 is valid for
the calculation of Nusselts number.
NuL = 0.664Re
0.5
L Pr
0.33 (4.35)
NuL = 0.664(2.155× 104)0.5(0.7217)0.33
NuL = 87.526
Calculating the average convection heat transfer coefficient, hc:
hc =
Nuk
L
(4.36)
hc =
(87.526)(0.0633)
0.555
hc = 9.983 W/m
2K
An average convection heat transfer coefficient of 10W/m2K will be used for the initial
convection boundary condition loadings in the conjugate heat transfer model for the
back face of the pressure ring.
Bottom face heat transfer coefficient:
From the results of the furnace gas volume CFD analysis, the bulk average temperature
in this region was estimated to be 1567 Kelvin (1294◦C), and the average upward (y)
velocity perpendicular to the surface was approximately 4.2m/s.
In the literature reviewed for forced convection over bluff objects, there was no corre-
lation that fitted this scenario as well as would have been hoped. Most correlations
were based on spheres, cylinders, discs and flat plates. In these correlations the average
Nusselt number that is calculated considers the mean heat transfer from the entire sur-
face area and not select surfaces. In this case, for the base of the pressure ring (bottom
surface), we are only interested in the heat transfer from the surface facing the flow
directly.
Considering the correlation proposed by Jakob (cited in Kreith et al. (2011) p.431),
equation 4.37 for the flow over cylinders of non-circular cross section, using the profile
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of a flat plate of infinite length (when the length to D ratio is greater than 4) would
give a close approximation of the flat surface of the pressure ring. This correlation
calculated the Nusselt number for both the front and back surface.
Another correlation given by Sogin (cited in Kreith et al. (2011) p.438), equation 4.38,
where the heat transfer from the wake region behind a flat plate with the flow normal
to the surface was investigated.
In order to estimate the heat transfer from only the front face of the plate, it was
thought that combining the two correlations could give a closer estimation of the heat
transfer from the surface facing the flow.
This was calculated as follows:
The correlation for cylinders with non-circular cross section as proposed by Jakob:
NuD = BRe
n
D (4.37)
The coefficientsB and n are specific to the geometry under consideration. The geometry
and the respective coefficients are shown on figure 4.22. The coefficients used are for a
flat plate with the flow normal to the surface.
432 Chapter 7 Forced Convection Over Exterior Surfaces
Quarmby and Al-Fakhri [11] found experimentally that the effect of the tube
aspect ratio (length-to-diameter ratio) is negligible for aspect ratio values greater
than 4. The forced air flow over the cylinder was essentially that of an infinite cylin-
der in cross-flow. They examined the effect of heated-length variations, and thus
aspect ratio, by independently heating five longitudinal sections of the cylinder.
Their data for large aspect ratios compared favorably with the data of ukauskas [7]
for cylinders in cross-flow. For aspect ratios less than 4, they recommend
(7.8)
in the range
7  104  ReD  2.2  10
5
Properties in Eq. (7.8) are to be evaluated at the film temperature. Equation (7.8)
agrees well with data of ukauskas [7] in the limit L D: for this relatively
small Reynolds number range.
Several studies have attempted to determine the heat transfer coefficient near the
base of a cylinder attached to a wall and exposed to cross-flow or near the tip of a
cylinder exposed to cross-flow. The objective of these studies was to more accurately
predict the heat transfer coefficient for fins and tube banks and the cooling of
q>ZI
NuD = 0.123 ReD0.651 + 0.00416aDL  b
0.85
ReD
0.792
ZI
TABLE 7.2 Constants in Eq. (7.6) for forced convection
perpendicular to noncircular tubes
ReDFlow Direction
and Profile From To n B
5,000 100,000 0.588 0.222
2,500 15,000 0.612 0.224
2,500 7,500 0.624 0.261
5,000 100,000 0.638 0.138
5,000 19,500 0.638 0.144
5,000 100,000 0.675 0.092
2,500 8,000 0.699 0.160
4,000 15,000 0.731 0.205
19,500 100,000 0.782 0.035
3,000 15,000 0.804 0.085D
D
D
D
D
D
D
D
D
D
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Figure 4.22: Constants for the equation proposed by Jakob (source: Kreith et al. (2011),
p.432).
The second correlation, where Sogin experimentally determined the heat transfer coef-
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ficient from the wake region behind a flat plate:
NuD = 0.2Re
2/3
D (4.38)
In both correlations, the fluid properties are evaluated at the fluid film temperature.
From the gas flow CFD model, the expected gas temperature in the region of the
bottom surface of the pressure ring is higher than that over the vertical surface and it
is reasonable to expect a hotter surface temperature in this region.
From the data shown on table 4.5 the calculated temperature ratio of the gas in the
bottom face region and the vertical face region was found to be 1.34. Applying this
ratio to the surface temperature selected as the reference for the vertical surface will
give an estimation of the bottom surface to be used in the calculation. The bottom
face temperature would then be: 400◦C × 1.34 = 536◦C
Mean film temperature:
Tfilm =
(Tsurface + T∞)
2
(4.39)
Tfilm =
536 + 1294
2
Tfilm = 915
◦C
As for the vertical face, assuming the hot gas is dry air at the mean film temperature of
915◦C as it flows over the pressure ring back face, The density, conductivity, viscosity
and Prandtl number of hot dry air at 915◦C was found through interpolation using
the data provided in (Kreith et al. 2011), table 28, to be 0.298 kg/m3,0.0724 W/mK,
46.294× 10−6 [Ns/m2] and 0.7366 respectively.
Reynolds number for a plate of width D = 200mm:
ReD =
ρU∞L
µ
(4.40)
=
(0.298)(4)(0.2)
46.294× 10−6
= 5.150× 103
Calculating Nusselt’s number from the two correlations:
For the total average Nusselt’s number for a plate, from equation 4.37:
NuD = BRe
n
D (4.41)
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= (0.205)(5150)0.731
= 105.94
The Nusselt’s number for the wake side of the plate, from equation 4.38:
NuDwake = 0.2Re
2/3
D (4.42)
= (0.2)(5150)2/3
= 59.59
Then using the total average Nusselt number to find the Nusselt number for the front
side would be given by:
NuD =
NuDfront +NuDwake
2
(4.43)
105.94 =
NuDfront + 59.59
2
NuDfront = 152.08
Calculating the average convection heat transfer coefficient, hc:
hc =
Nuk
D
(4.44)
hc =
(152.08)(0.0724)
0.2
hc = 55.05 W/m
2K
Curved face heat transfer coefficient:
For this surface, the correlation for flow over a cylinder by Squire (cited in Kreith et al.
(2011) p.426) for the local heat transfer coefficient is given by:
Nu(θ) = 1.14
(
ρU∞D
µ
)0.5
Pr0.4
[
1−
(
θ
90
)3]
(4.45)
Using this correlation, and plotting the local heat transfer coefficient from the stag-
nation point, θ = 0 over one quarter gave surprising results that tied up rather well
between the bottom face and vertical face. At the stagnation point, the predicted local
heat transfer coefficient was estimated as 48.4W/m2K compared to 55.05W/m2K that
was calculated for the average heat transfer coefficient for the bottom face. When com-
paring the local heat transfer coefficient for the cylinder at 80◦C, this was estimated as
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14.4W/m2K compared to 10W/m2K for the vertical face. It is noted that the correla-
tion of equation 4.45 is valid for angles 0 < θ < 80◦. It is also noted that this may be
a mere coincidence that the cylinders local heat transfer coefficients tie in so well due
to the radius of the curve happening to suit. Variation of this diameter by 10mm did
result in a variation of 5W/m2K in the heat transfer coefficient.
The calculated convection factors over a range of theta from 0 to 80◦ are summarised
on table 4.6. The free stream velocity U∞=4.2 m/s, the density, ρ=0.2976 kg/m3,
the diameter, D=80mm, the viscosity, µ=46.3×10−6Ns/m2 and the Prandlt number,
Pr=1.02. The fluid properties were found through interpolation using the data provided
in (Kreith et al. 2011), table 28, evaluated at the film temperature of 915◦C.
Table 4.6: Calculated local heat transfer coefficients for flow over a cylinder.
hc Nu θ
48.35 53.40 0
48.28 53.32 10
47.82 52.82 20
46.56 51.42 30
44.10 48.71 40
40.06 44.25 50
34.02 37.58 60
25.60 28.28 70
14.39 15.90 80
A reasonable estimate would be to use the average heat transfer coefficient for the 9
points on the curved surface. The average was calculated to be 38.8W/m2K
4.6 Summary of calculation results
The summarised calculation results for this chapter are shown on table 4.7. These
are the heat loading convection factors and and radiation reference temperatures as
required by the FLUENT solver inputs that are applied to the main heat transfer
analyses of the pressure rings. The pressure ring surfaces that these loadings are applied
to was shown earlier on figure 4.20.
4.7 Conclusion 65
Table 4.7: Key calculation results for the pressure ring heat loading from the furnace
environment
Convection Reference Fluid
Surface Coefficient, hc Temperature
(W/m2K) (K)
Vertical Surface 10 1185
Curved Surface 39 1460
Bottom Surface 55 1567
4.7 Conclusion
The gas volume between the furnace roof and the furnace bed of the furnace was
analysed.
The results from this CFD analysis provide an estimate of the gas velocities and the
temperature profiles within the gas volume environment that the pressure rings operate
in. From this data a closer approximation of the convection coefficients and reference
temperatures were able to be calculated for application in the main conjugate heat
transfer analyses of the pressure rings.
Chapter 5
Calculation of the cooling water
flow to the Pressure Rings
5.1 Chapter Overview
This chapter outlines the background of furnace cooling water, the flow calculations for
cooling water to the pressure rings and pressure bellows as well as the CFD analysis
conducted to calculate the loss coefficents, K, for the pressure rings and pressure bellow
components.
5.2 Furnace Cooling Water Background
In an operating furnace plant, cooling water is pumped to a main manifold distribution
header at a constant pressure. From the manifold each component on the furnace
receives cooling water via its dedicated small bore piping circuit. The cooling water
then passes through the serviced component, drawing heat energy from the component
through heat transfer, increasing the waters bulk temperature while maintaining a safe
operating temperature of the component. The heated water exits the component and
is returned to a main collection tundish via a similar small bore return line circuit.
The tundish is situated directly below the supply manifold, with the the return circuit
cooling water visibly exiting into the tundish inline with the supply line. This is done to
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allow for positive flow identification. The flow of hot water from the collection tundish
is then passed through coolers and pumped back to the main supply manifold in a
continuous process. The circuits that service the electrode pressure bellows have globe
valves on the return lines to build up back pressure in the line to ensure the correct
operating pressure is obtained in the pressure bellows in order to deliver the required
mechanical force to the contact shoes. A typical manifold and tundish is shown on
figure 5.1.
Figure 5.1: A typical cooling water distribution manifold and return water tundish.
As this analysis is a comparison of two pressure ring designs that would operate in
the same furnace conditions, it is assumed that for this analysis, the pressure rings
are interchangeable and the geometry of the small bore piping will be the same with
respect to length, elevation changes and number of fittings.
Due to the different internal flow passage designs and flow velocities between the two
pressure rings, it is expected that they will have different cooling water mass flow rates.
This will result in not only a different pressure drop across each pressure ring, but also
a different pressure drop over the small bore piping circuit due to the altered flow
velocity.
Since the main manifold pressure controls the flow rate to the furnace components, the
influence of the small bore circuit pressure drop needs to be considered for each of the
two cases as the small bore piping will influence the overall flow rate and therefore the
heat transfer rate.
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Figure 5.2: A typical small bore cooling water circuit schematic.
A typical small bore piping schematic is shown in figure 5.2, the manifold supply
pressure is P1. Pressure ring inlet pressure P2, is pressure P1 less feed line piping
losses (1-2). Pressure P3 is the pressure ring exit pressure, which is pressure P2 less the
pressure drop across the pressure ring (2-3). P3 will also be equal to the pressure loss in
the cooling water return line piping (3-4). Pressure P4 will differ for the two cases. For
the cast pressure ring, P4 will be the required globe valve pressure resistance to provide
the required pressure in the pressure bellows between P2-P3. For the manufactured
pressure ring, P4 will be atmospheric pressure.
The dedicated pressure bellows circuit on the manufactured pressure ring will have the
same circuit with the restriction valve on the return line, but these dedicated circuits
typically have much less flow as they are designed to provide a set pressure to the
bellows rather than cooling.
Determining the pressures at P2, P3 and P4 is an iterative process. An initial flow rate
is guessed and applied to the circuit hand calculation to calculate the pressure drops.
The flow rate will then be adjusted and the calculation repeated until the sum of the
calculated pressure losses across the circuit are equal to pressure P1.
5.3 Furnace plant cooling water parameters
A general design guideline for water cooled components on a ferrochrome furnace is
not to exceed a temperature increase over a cooled component of 10◦C. Cooling water
flow rates for a pressure ring are typically limited to a maximum flow rate of 8m3/hour
per circuit. Dedicated bellows circuits typically service half the electrode bellows per
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circuit, with a flow rate of between 3 to 4m3/hour. This data was provided by Mr
Eugene Sidorski, a consultant on this project and the technical director of a smelter
design company.
Flow rates are kept within a reasonable operating range for given furnace power size
in order keep pumping costs within an economical band. Exceeding this and providing
an unlimited quantity of cooling water could increase operation costs to a point that
could render the plant uneconomical.
The typical cooling water parameters for this analysis are summarized on table 5.1.
Table 5.1: Typical plant cooling water data:
Description Value
Manifold operating pressure: 5 bar
Total furnace cooling water flow rate: 700 m3/hour
Allocated maximum pressure ring flow rate: 8 m3/hour
Allocated maximum dedicated pressure bellows flow rate: 3.5 m3/hour
Bulk supply temperature: 35 ◦C
Bulk return temperature: 45 ◦C
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5.4 ANSYS - Pressure Ring loss coefficient calculation
In order to calculate the overall circuit pressure drop the minor losses from the fittings
and the pressure rings are required to be added to the frictional losses in the pipes.
The pressure lost due to minor losses is calculated by applying equation 5.1:
(P1 − P2)
ρg
= K
V
2
2g
(5.1)
Where K is the experimentally found loss coefficient of the component. The loss co-
efficients for the fittings were obtained from standard published tables, but the loss
coefficients for the pressure ring internal passages were unknown.
ANSYS FLUENT was used to predict the loss coefficient, (K) for the flow passages in
each pressure ring design by applying a range of inlet velocity boundary conditions to
the cooling water volume model and recording the pressure differences across the inlet
and outlet.
This section outlines the ANSYS analysis and the calculation of the pressure ring loss
coefficients for use in calculating the pressure losses.
5.4.1 Models and Meshing
The cooling water volumes were exported from Creo2 in parasolid format and imported
into ANSYS design modeler for meshing. Named selections were applied to the inlet
and outlets of the flow volumes in order to apply the necessary boundary conditions.
The named selections are shown on the figure 5.3.
Meshing parameters and sizing:
The mesh used in the flow test model was the same mesh used in the conjugate heat
transfer analysis.
The mesh results and the skewness metric are shown on figure 5.4, and the mesh metric
graphs showing the element skewness quality distribution is shown on figure 5.5.
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(a) Cast Pressure Ring cooling water volume.
(b) Manufactured Pressure Ring cooling water pas-
sage and bellows water volumes.
Figure 5.3: Imported CAD geometry of the cooling water volumes for each case.
5.4.2 FLUENT setup
The models were checked for volume and mesh quality to ensure the mesh was com-
patible with the solver.
Models:
For the viscous model, the resizable k-ε model with a scalable wall function was used.
This allowed for manual setting of the wall surface roughness under the wall zone
boundary conditions. Using the Enhanced wall treatment option did not permit the
user to set the wall surface roughness. The roughness of the cast pressure ring wall is
estimated to be rougher than the manufactured pressure ring due to it being cast in
a sand mould. The roughness selected was based on a cast steel that is lightly cor-
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(a) Cast Pressure Ring mesh parameters and
statistics.
(b) Manufactured Pressure Ring mesh pa-
rameters and statistics.
Figure 5.4: Mesh parameters and statistics for both cases.
(a) Cast Pressure Ring mesh element metric graph.
(b) Manufactured Pressure Ring mesh element metric graph.
Figure 5.5: Mesh element metric graph for both cases.
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roded with an estimated roughness of 0.4mm. For the manufactured pressure ring, the
roughness selected was based on machined copper that was also lightly corroded with
an estimated roughness of 0.2mm. The values used to estimate the surface roughnesses
were from a table of typical surface roughnesses (typical surface roughness 2013).
Boundary conditions:
The inlet boundary condition applied to the volume inlet was a velocity inlet with a
magnitude corresponding to each of the velocities analysed. The initial gauge pressure
was set at the expected pressure for the flow based on prior runs before running the
final models. The outlet boundary condition was a Pressure Outlet, set at zero gauge
pressure. For both the inlet and outlet boundaries, the turbulence specification method
used was Intensity and Hydraulic Diameter, with a backflow turbulent intensity of 10%
and a Hydraulic Diameter of 30mm.
Materials:
The material type was a fluid, using the standard water properties from the FLUENT
database. The density was 998.2 kg/m3 and a viscosity of 0.001003 kg/m.s at a refer-
ence temperature of 298 Kelvin. Reference values were set to compute from the inlet
boundary condition.
Solution methods:
Solution methods for the Pressure-Velocity Coupling were set as the simple scheme.
Spatial Discretization settings were least squares cell based for the gradient, PRESTO
for the Pressure and third order upwind for the remaining settings.
Residuals
The residuals were all set to 1× 10−4 except for energy being set to 1× 10−6.
Initialization
The Initialization method used was the standard initialization, computed from the
cooling outlet.
5.4.3 Solution results
On convergence of each flow velocity analysis, the Area-weighted average static pressure,
the Area-weighted average velocity magnitude were recorded.
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Calculation of the loss coefficient, K:
From equation 5.1:
(P1 − P2)
ρg
= K
V
2
2g
(P1 − P2) = KV
2
2g
(ρg)
K =
2(P1 − P2)
ρV
2 (5.2)
With P2 = 0, equation 5.2 is used to calculate the loss coefficient, K for each of the
readings taken.
The flow velocity, pressures and calculated loss coefficients, K for the cast pressure ring
design are shown on table 5.2.
Table 5.2: Cast Pressure Ring loss coefficients (K)
Run Flow velocity Static Pressure Loss coefficient,
(m/s) (Pa) K
1 0.2 130.655 6.54
2 0.5 818.750 6.56
3 0.8 2123.481 6.65
4 1.1 4010.179 6.64
5 1.4 6533.080 6.68
6 1.7 9617.561 6.67
7 2.0 13273.590 6.65
8 2.3 17543.441 6.64
9 2.6 22409.720 6.64
10 2.9 27886.810 6.64
Average: 6.63
The flow velocity, pressures and calculated loss coefficients, K for both circuits within
the manufactured pressure ring design are shown on table 5.3.
5.5 Flow rates and pressure drop calculations 75
Table 5.3: Manufactured Pressure Ring loss coefficients (K)
Main cooling volume Bellows pressure volume
Flow Static Loss Flow Static Loss
Run velocity Pressure coefficient, Run velocity Pressure coefficient,
(m/s) (Pa) K (m/s) (Pa) K
1 0.5 830.92 6.66 1 0.5 1426.53 11.43
2 0.8 2153.48 6.74 2 0.8 3659.63 11.46
3 1.1 4057.18 6.72 3 1.1 6864.95 11.37
4 1.4 6533.08 6.68 4 1.4 11058.64 11.30
5 1.7 9617.56 6.67 5 1.7 16354.48 11.34
6 2.0 13273.59 6.65 6 2.0 22628.12 11.33
7 2.3 17543.44 6.64 7 2.3 29853.20 11.31
8 2.6 22409.72 6.64 8 2.6 38165.20 11.31
9 2.9 27886.81 6.64 9 2.9 47455.33 11.31
Main cooling average: 6.67 Bellows cooling average: 11.35
5.5 Flow rates and pressure drop calculations
The cooling water flow rates in each circuit were calculated by applying the standard
Bernoulli equation applicable to pipe flow (Fox et al. 2009), with each term in meters:(
P1
ρg
+ α1
V
2
1
2g
+ z1
)
−
(
P2
ρg
+ α2
V
2
2
2g
+ z2
)
= hlT = hPRing +
∑
hl +
∑
hlm (5.3)
Where:
• P1 and P2 are the pressures at each of the points under consideration [Pa]
• P is the static pressure [Pa]
• V is the average flow velocity [m/s]
• z is the height from the chosen reference point [m]
• ρ is the fluid density [kg/m3]
• g is the acceleration of gravity [m/s2]
• α is the dimensionless kinetic energy correction factor
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• hPRing is the head loss due to friction and separation within the pressure ring
and bellows [m]
• ∑hl is the sum of the major head loss due to friction in the lengths of pipe [m]
• ∑hlm is the sum of the minor head losses, typically due to separation in the flow
and is associated with pipe fittings [m]
When using equation 5.3 in this section for calculating the cooling water flow rates, the
following assumptions are made:
1. z1 = z2, it is assumed the pressure ring and manifold are at the same level.
2. V 1 = V 2, feed and return pipes are the same diameter.
3. α1 = α2 = 1 for turbulent flow. The kinetic energy coefficient α for turbulent
flow is approximated to be equal to 1 (Fox et al. 2009).
4. The fluid calculations are based on the average bulk temperature of 40◦C.
From equation 5.3, and referring to figure 5.2, the small bore piping schematic, the
manifold pressure P1 is an input parameter and the return pressure P4 is generally
atmospheric pressure (zero gauge pressure). With the velocity and elevation terms
cancelling each other out due to the assumptions imposed, the Bernoulli equation re-
duces to:
(P1 − P4)
ρg
= hPRing +
∑
hl +
∑
hlm
P1
ρg
= KPRing
V
2
2g
+
∑
f
L
D
V
2
2g
+
∑
K
V
2
2g
(5.4)
Calculating the flow rates was conducted by first initially guessing the flow velocity, the
related pressure losses across the circuit were then calculated and evaluated against the
pressure difference between the inlet (P1) and the outlet (P4) using equation 5.4. The
calculation was then repeated by increasing or reducing the flow velocity depending on
if the calculated pressure loss was higher or lower than P1 − P4 until the calculated
pressure loss equalled P1 − P4.
The first step is to calculate Reynolds number, (Re) at the predicted average flow
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velocity in order to calculate the friction coefficient:
Re =
ρV D
µ
(5.5)
The friction coefficient is used to predict the pressure loss due to friction of a fluid
flowing in a conduit. The Darcy friction coefficient is determined experimentally and
these results have been published by L.F. Moody on a chart commonly known as
the Moody diagram. The friction factor for fully developed flow in a circular pipe
can be estimated by calculating the flows Reynolds number and the pipes relative
roughness, then using these parameters, can be read off Moody diagram. Mathematical
expressions have since been developed that fit the data on the Moody diagram, such
as the expression developed by Colebrook that provide the friction coefficient in an
implicit form. An adapted version of the Colebrook equation by Haaland provides the
value of the coefficient in a more explicit form. The Haaland approximation delivers
results within 2% of the Colebrook equation (Fox et al. 2009), and is the equation used
here to estimate the friction factor for the flow calculations.
The Haaland approximation for calculating the Darcy friction factor is valid for Re >
3000:
1√
f
= −1.8log
((
e/D
3.7
)1.11
+
6.9
Re
)
(5.6)
The losses are then calculated for each of the terms in equation 5.4:
For the major losses due to friction for the feed and return lines:
hl = f
L
D
V
2
2g
(5.7)
The minor losses on the feed and return lines:
hlm =
∑
(K)
V
2
2g
(5.8)
After calculating the values of all the terms on the right hand side of equation 5.4 using
equations 5.5 to 5.8, the pressure losses due to the predicted flow velocity are evaluated
and compared to P1 − P4, adjusting the velocity in a sequence of iterations in order to
find the flow velocity that provides the pressure loss that equals P1 − P4.
MATLAB was used to assist in the iterative calculations required to calculate the flow
rates through each of the three circuits under consideration. The code is included in
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Figure 5.6: Matlab pressure drop calculation flow chart
appendix D. The MATLAB code flow chart is shown on figure 5.6.
Inputs to MATLAB include the manifold pressure, bulk fluid temperature and all the
physical pipe parameters such as pipe lengths, diameters, number and type of fit-
tings etc.The code first starts with a small initial velocity and systematically calculates
Reynolds Number (equation 5.5), the Darcy friction factor based on the Haaland ap-
proximation (equation 5.6) and then the circuit pressure loss (equation 5.4).
The code then evaluates a while loop condition to check if the calculated losses are less
than the pressure difference between the inlet and outlets (P1 − P4). If the condition
is met, the loop runs again with a small additional delta velocity added to the previ-
ous iterations velocity. This continues until the calculated losses equal or exceed the
(P1 − P4) pressure difference.
The error is controlled by selecting a suitably small step size in the velocity increment
between iterations. After the velocity solution is found the code calculates the pressures
at node 2, (P2), the pressure ring inlet pressure, and at node and 3, (P3), the pressure
ring outlet pressure, confirms that the exit pressure P4 is zero. For the circuits with
pressure bellows, the code calculates the effective bellows operating pressure, which is
the average pressure between the bellows inlet P2 and outlet pressure P3. All calculated
values are then printed to the system window. The loss coefficients (K) for the fittings
used in the calculations are tabulated on table: 5.4.
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Table 5.4: Loss coefficients (K) for fittings (Fox et al. 2009)
Description Loss coefficient (K) Remarks
Ball valve: 0.05 Fully open
Globe (throttle) valve: 10 Fully open
Long radius threaded 90◦ elbow: 0.7
Long radius welded 90◦ elbow: 0.2 On electrode pipes
Welded 45◦ elbow: 0.2 On electrode pipes
Tees (Run): 0.9
Tees (Branch): 2
Square edge entry 0.5
Figure 5.7: Cooling water small bore pipe schematic for the cast pressure ring
The pressure loss calculations will be outlined in the following two subsections:
5.5.1 Cast Pressure Ring pressure drop calculation:
The cast pressure ring design has the bellows integrated into the cooling circuit. With
this design the cooling water is used for both cooling and to provide pressure to the
bellows that intern forces the contact shoe to the electrode casing. The cooling water
piping schematic is shown on figure 5.7. This design requires the pressure between
nodes 3 and 4 to be controlled and maintained within a specific pressure range in order
to provide the required bellows force. The required pressure in the bellows is built up
by throttling the return line flow with a globe valve. The operating bellows pressure is
considered to be the average pressure between the inlet P2 and the outlet P3.
The summarized data for the cast pressure ring dedicated cooling water pipe circuit
under analysis is shown on table 5.5.
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Table 5.5: Typical cooling water pipe circuit data for the cast Pressure Ring design:
Description Feed Line Return Line Remarks
Pipe size: 32NB 32NB Schedule 40
Pipe internal diameter (mm): 35.088 35.088
Pipe roughness (mm): 0.25 0.25 lightly corroded steel pipe
Total length of pipe (m): 30 30
Square edge entry: 1 n/a
Number of ball valves: 1 0 Fully open
Number of Globe (throttle) valves: 0 1 Adjusted to set bellows oper-
ating pressure
Number of threaded 90◦ elbows: 12 12 Long radius
Number of welded 90◦ bends: 4 4 Long radius
Number of welded 45◦ bends: 4 4
Number of Tees (Run): 2 2
Number of Tees (Branch): 1 1
Bellows Pressure:
The required bellows operating pressure needs to be considered when calculating the
cooling water flow rates, as a specific pressure range needs to be maintained within
the bellows during operation. As discussed earlier, this pressure is important in order
to ensure the electrode contact shoe is firmly pressed against the electrode casing to
minimise the risk of electrical arcing.
The bellows parameters provided by Mr. Sidorski are shown on table 5.6, and the
calculation to estimate the required bellows pressure follows: Considering the full
bellows deflection of 5mm, the additional force required due to the spring rate is:
Spring rate ×Deflection = 500 × 5mm = 2, 5kN . Adding this to the required force,
gives: 42,5 kN for the lower limit and 52,5 kN for the upper limit. Taking the average,
(42.5 + 52.5)/2 = 47.5kN . This force is used to calculated the required bellows pres-
sure. The bellows pressure is calculated by dividing the required force by the bellows
nominal area: 47500N/0.1195m2 = 398kPa, rounded to 400 kPa.
Using the MATLAB code, the flow velocity for this pressure ring design was calculated
by adjusting the return line throttle valve loss coefficient until the required pressure
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Table 5.6: Bellows parameters
Required force range: 40-50 kN
Bellows nominal diameter: 390 mm
Spring rate: 500 N/mm
Deflection to load position: 0-5 mm
Mean operating pressure: 400 kPa
in the bellows of 400 kPa was achieved. The final flow velocity for the given circuit
was found to be 2.064 m/s. The MATLAB code and calculation results are included
in Appendix D.
The final flow calculation for the cast pressure ring design is shown below:
Reynolds number:
Re =
ρV D
µ
(5.9)
=
(992.2)(2.064)(0.035)
6.58× 10−4
= 1.08931× 105
Re > 3000, so the Haaland approximation is valid for this calculation.
Darcy Friction (f) using the Haaland approximation:
1√
f
= −1.8log
((
e/D
3.7
)1.11
+
6.9
Re
)
(5.10)
f =
(
−1.8log
((
e/D
3.7
)1.11
+
6.9
Re
))−2
=
(
−1.8log
((
0.35/35.088
3.7
)1.11
+
6.9
108931
))−2
f = 0.03463
For the major losses due to friction for the feed line:
hlfeed = f
L
D
V
2
2g
(5.11)
= (0.03463)
(30)
(0.035)
(2.064)2
(2)(9.81)
= 6.445 (m)
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The return line major loss for friction will be the same as for the feed line as all the
parameters are the same. hlreturn = hlfeed = 6.445 (m)
The minor losses related to the circuit fittings:
The circuit fittings and their respective loss coefficients are tabulated are tabulated on
table 5.7.
Each fittings quantity was multiplied by its loss coefficient, K. The sum of these are
shown at the bottom of the table. For the head loss, these summed values are sub-
stituted into equations 5.12 and 5.13. This method is used as the velocity is constant
through the circuit.
Table 5.7: Fitting quantities and loss coefficients (K) for cooling water pipe circuits for
Pressure Rings:
Description Feed line Return line
qty K (qty)× (K) qty K (qty)× (K)
Square edge entry: 1 0.5 0.5 0 0.5 0
ball valve: 1 0.05 0.05 0 0.05 0
Globe (throttle) valve: 0 3 0 1 142.5 142.5
threaded 90◦ elbow: 12 0.7 8.4 12 0.7 8.4
welded 90◦ bend: 4 0.2 0.8 4 0.2 0.8
welded 45◦ bend: 4 0.2 0.8 4 0.2 0.8
Tee (Run): 2 0.9 1.8 2 0.9 1.8
Tee (Branch): 1 2 2 1 2 2
Total
∑
(qty)(K) 14.35
∑
(qty)(K) 156.3
For the minor losses on the feed line:
hlm =
∑
(K)
V
2
2g
(5.12)
= (14.35)
(2.064)2
(2)(9.81)
= 3.116 (m)
For the minor losses on the return line:
hlm =
∑
(K)
V
2
2g
(5.13)
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= (138.8)
(2.064)2
(2)(9.81)
= 33.937 (m)
Pressure Ring head loss:
The pressure ring loss coefficient was estimated using ANSYS FLUENT, this process
was outlined earlier in this chapter under section 5.4.
From the analysis, the loss coefficient for the cast pressure ring was found to be:
KPRcast = 6.63
hlPRcast = (KPRcast)
V
2
2g
(5.14)
= (6.63)
(2.064)2
(2)(9.81)
= 1.4396 (m)
Calculating the pressure drop for the circuit:
hltotal =
∑
hl +
∑
hlm + hlPRcast (5.15)
= (2)(6.445) + 3.116 + 33.937 + 1.4396
= 51.382 m
From equation 5.4:
(P1 − P4) = (hltotal)(ρg) (5.16)
(P1 − 0) = (51.382)(992.2)(9.81)
P1 = 500 (kPa)
Pressure at node 2 (P2) is equal to the pressure, P1 less the losses from node 1 to 2:
(P1 − P2) =
(∑
hl +
∑
hlm
)
(ρg) (5.17)
500× 103 − P2 = (6.445 + 3.1158)(992.2)(9.81)
P2 = 407 (kPa)
Pressure at node 3 (P3) is equal to the pressure, P2 less the losses from node 2 to 3:
(P2 − P3) = (hlPRcast)(ρg) (5.18)
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Figure 5.8: Cooling water small bore pipe schematic for the manufactured pressure rings
main cooling circuit.
407× 103 − P3 = (1.4396)(992.2)(9.81)
P3 = 393 (kPa)
The bellows operating pressure is the average pressure between nodes 2 and 3:
PBellows =
(P2 + P3)
2
(5.19)
=
407 + 393
2
PBellows = 400 (kPa)
Pressure at node 4 (P4):
(P3 − P4) =
(∑
hl +
∑
hlm
)
(ρg) (5.20)
393× 103 − P4 = (6.445 + 33.937)(992.2)(9.81)
P4 = 0 (kPa)
5.5.2 Manufactured Pressure Ring flow rate calculations
The cooling water design philosophy on the manufactured pressure ring design differs
from the cast pressure ring due to the design having a dedicated cooling circuit with
a separate pressure circuit feeding water to the pressure bellows. With this design,
each half of the electrodes pressure bellows are connected in series. The cooling water
schematics for the two circuits are shown on figure 5.8 for the main cooling circuit and
on figure 5.9 for the pressure bellows circuit.
By separating these two circuits means that the main cooling has no functional restric-
tion on the flow rate in the sense that there is no secondary requirement imposed on
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Figure 5.9: Cooling water small bore pipe schematic for the manufactured pressure rings
bellows circuit.
the circuit, as with the cast pressure ring design. Theoretically the flow rate could then
be increased to the pressure capacity provided by the manifold and maximise the heat
transfer rate.
However in reality this is not the case, and as discussed earlier in this chapter, cooling
water plant capacities are limited.
For this design, there are two options that could have been explored:
1. The first scenario is where the one design is exchanged with the other on an
existing installation where the plant cooling capacities are fixed. In this case the
total cooling water available for the manufactured pressure ring would be the
same total water supplied to the cast pressure ring.
2. The second scenario is if the manufactured design was installed on a new instal-
lation where a typical flow rate of 8m3/hour is available for the cooling circuit
and 3.5m3/hour available for the jumped pressure bellows circuits.
Due to this being a comparative analysis, it was decided to implement case 1 as if the
component was interchanged. This will also provide the worst case for the manufactured
pressure ring as the cooling water flow rate will be less than what would be available on
a new plant. The total water available per electrode was maintained for both designs
based on the flow delivered to the cast pressure ring design. Maintaining the total flow
rate per electrode and not per segment was required because half the bellows circuits
per electrode on the manufactured design are connected in series. By connecting the
bellows in series reduces the amount of water consumed per bellows when considering
the full electrode.
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The details for manufactured pressure ring main cooling water circuit are summarized
on table 5.8.
The details for the dedicated bellows circuit on the manufactured pressure ring design
are summarized on table 5.9:
The pressure loss across each of the circuits were calculated using the same methodology
as outlined in the previous section for the cast pressure ring. As with those calculations
they were calculated using the MATLAB code. The MATLAB results are included in
Appendix D.
5.6 Summary of calculation results
The key calculated results from this chapter are summarised on table 5.10 for the Cast
Pressure Ring and on table 5.11 for the Manufactured Pressure Ring:
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Table 5.8: Data of the cooling water circuit for the main cooling of the manufactured
Pressure Ring:
Description Feed Line Return Line Remarks
Pipe size: 32NB 32NB Schedule 40
Pipe internal diameter (mm): 35.088 35.088
Pipe roughness (mm): 0.25 0.25 lightly corroded steel pipe
Total length of pipe (m): 30 30
Square edge entry: 1 n/a
Number of ball valves: 1 0 Fully open
Number of Globe (throttle) valves: 0 0
Number of threaded 90◦ elbows: 12 12 Long radius
Number of welded 90◦ bends: 4 4 Long radius
Number of welded 45◦ bends: 4 4
Number of Tees (Run): 2 2
Number of Tees (Branch): 1 1
Table 5.9: Data of the cooling water circuit for the manufactured Pressure Rings dedicated
pressure bellows circuit:
Description Feed Line Return Line Remarks
Number of bellows per circuit: 3 n/a
Pipe size: 25NB 25NB Schedule 40
Pipe internal diameter (mm): 26.6 26.6
Pipe roughness (mm): 0.25 0.25 lightly corroded steel pipe
Total length of pipe (m): 30 30
Square edge entry: 1 n/a
Number of ball valves: 1 0 Fully open
Number of Globe (throttle) valves: 0 1
Number of threaded 90◦ elbows: 12 12 Long radius
Number of welded 90◦ bends: 4 4 Long radius
Number of welded 45◦ bends: 4 4
Number of Tees (Run): 2 2
Number of Tees (Branch): 1 1
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Table 5.10: Summary of the cooling circuit flow rates and pressures
Cast Pressure Ring
Description Value
Flow rate: 7.15 m3/hour
Average flow velocity: 2.064 m/s
Pressure P2: 407 kPa
Pressure P3: 393 kPa
Pressure drop across Pressure Ring: 14 kPa
Bellows operating pressure: 400 kPa
Pressure Ring loss coefficient, K: 6.63
Table 5.11: Summary of the cooling circuit flow rates and pressures
Manufactured Pressure Ring
Description Value
Combined Flow rate: 7.15 m3/hour
Cooling circuit
Flow rate: 6.05 m3/hour
Average flow velocity: 1.474 m/s
Pressure P2: 76 kPa
Pressure P3: 66 kPa
Pressure drop across Pressure Ring: 10.1 kPa
Pressure Ring loss coefficient, K: 6.67
Bellows circuit
Flow rate (1.1 per bellow): 3.31 m3/hour
Average flow velocity: 1.648 m/s
Pressure P2: 423 kPa
Pressure P3: 377.1 kPa
Pressure drop across Bellows (3 per circuit): 45.9 kPa
Average Bellows operating pressure: 400 kPa
Bellows loss coefficient (per bellows), K: 11.35
Chapter 6
Steady state conjugate heat
transfer analysis of the Pressure
Rings using FLUENT
6.1 Chapter overview
This chapter outlines the setup, running and post processing of the pressure ring models
in ANSYS FLUENT for the steady state conjugate heat transfer analysis. The previous
chapters prepared the required input data for these analyses which are now applied.
Conjugate heat transfer refers to the ability to compute conduction of heat through
solids, coupled with convective heat transfer in a fluid (Bakker 2013). ANSYS FLUENT
provides this ability automatically by coupling the boundary conditions at the interface
walls of the fluid and solid regions. Without FLUENT, and using a standard heat
transfer solver, hand calculated average convection factors between the water to solid
interface would have to be applied. Using FLUENT should yield more accurate results.
6.2 CAD models and Meshing
The CAD model of each pressure ring design and its internal cooling water volumes
were modelled in Creo 2.0. The detail drawings of each component are included in
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appendix B.
The solid models were exported in parasolid format and imported into ANSYS design
modeler for surface splitting and meshing.
Surfaces on the back face required splitting in order to allow for application of the
differing heat transfer factors in the lug regions due to the shielding effect from the
interlinking lugs. The split surfaces and the construction geometry are shown for the
left side of the pressure ring on figure 6.1. The lugs on the right side were split in the
same way.
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Figure 6.1: Split surfaces on pressure ring lugs.
In design modeler named selections were applied to the outer surfaces of the pressure
ring body to allow for applying the convection and radiation factors in FLUENT. The
outer surface geometry is common for both pressure rings. The named selections of the
key three regions (back surfaces) that are exposed to the furnace environment are shown
on figure 6.2. The named selections for the remaining outer surfaces (front surfaces) is
shown on figure 6.3.
6.2.1 Meshing: Cast Pressure Ring
This section outlines the meshing settings and results conducted to the cast pressure
ring model. The named selections applied to the cooling water inlet and out lets are
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Figure 6.2: Named selections on back surfaces.
Figure 6.3: Named selections on front surfaces.
shown on figure 6.4.
Global mesh settings:
The volumes were meshed with a target maximum element count of between three to
four million elements. This was the number of elements that seemed to be the limit for
the machine that was being used. The maximum skewness target to obtain was 0.8.
The mesh physics preference was set to CFD, with the solver preference set to FLUENT.
The relevance was adjusted during the meshing iterations, with a final setting of 50
being used. The advanced size function was used, on-curvature with the Relevance
Center set to Fine, smoothing to high and transition to slow. The Maximum face size
used was 9mm and the maximum size was 19mm, using the default growth rate of 1.2.
The mesh parameter report window from FLUENT is shown on figure 6.5.
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Figure 6.4: Cast pressure ring cooling water inlet and outlet named selections.
Figure 6.5: Cast pressure ring mesh parameter report window.
Local mesh settings were applied to surfaces and bodies in order to optimise the mesh
in specific regions deemed necessary. The local mesh settings for the cooling water
volume and solid body volume are further explained in separate sections.
Local mesh settings for the cooling water volume:
Face sizing was applied to the inlet and outlet ports that link the bellows cavity to the
main cooling passage. A face size of 3mm was applied to the two cylindrical surfaces
that form the port geometry linking the bellows cavity to the main cooling passage. A
face sizing of 3mm was also applied to the main inlet and outlet ports.
The bellows cavity surface face size and the main cooling water passage surface face
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size was set to 5mm.
The face sizing surface regions are shown on figure 6.6.
PORT
FACE SIZING
3mm
BELLOWS CAVITY
FACE SIZING
5mm
INLET & OUTLET
FACE SIZING
3mm
MAIN WATER
FACE SIZING
5mm
Figure 6.6: CAD model indicating face sizing regions on the cast pressure ring fluid volume.
Inflation was applied to the cooling water volume to allow finer layering of the mesh in
the boundary layer as shown on figure 6.7.
Figure 6.7: Inflation applied to the cooling water volume in the cast pressure ring.
An example of the mesh with inflation layers in the fluid volume is shown on figure 6.8.
These layers provide the software with the mesh points required to accurately model
the the velocity and thermal boundary layers that develop in a moving viscous fluid
over a solid body of a different temperature as shown of figure 6.9 (Kreith et al. 2011).
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Figure 6.8: Inflation layers in the fluid volume mesh.
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Van Driest [2], and Langhaar [5] for a treatment of the mathematical procedures,
which are beyond the scope of this text. However, considerable additional insight
into the physical aspects of boundary layer flow as well as the form of similarity
parameters governing the transport processes can be gained by nondimensionalizing
the governing equations, even without solving them.
Figure 4.8 shows the development of the velocity and thermal boundary layers
in flow over a flat surface of arbitrary shape. To express the boundary layer equa-
tions in dimensionless form, we define the following dimensionless variables, which
are similar to those defined in Section 2.2:
where L is a characteristic length dimension such as the length of a plate, U is the
free-stream velocity, Ts is the surface temperature, T is the free-stream temperature,
and  is the free-stream density.
Substituting the above dimensionless variables into the dimensional Eqs. (4.4),
(4.5), and (4.7b) yields the corresponding boundary layer equations:
(4.9a)
(4.9b)
(4.9c)
Observe that by nondimensionalizing the boundary layer equations we have cast
them into a form in which the dimensionless similarity parameters ReL and Pr
appear. These similarity parameters permit us to apply solutions from one system to
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Figure 6.9: Development of the velocity and thermal boundary layers in flow over a flat
surface (Source: Kreith, Manglik & Bohn 2011).
Local mesh settings for the solid body volume:
A body sizing of 8mm was applied to the solid body volume of the cast pressure ring
as shown on figure 6.10
Figure 6.10: Body sizing for the solid body volume of the cast pressure ring.
Mesh results and statistics for the cast pressure ring:
The overall mesh settings and mesh statistics including both volumes are shown on
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figure 6.11. Although the target maximum skewness was set as 0.8, best possible final
mesh that could be achieved after a number of different setting options was 0.838, with
an average skewness of 0.2218.
The mesh statistics for the cooling water volume is shown on figure 6.12(a). The mesh
skewness in the cooling water volume was better than 0.8 for all elements except for
three elements, with two having a worst skewness of 0.817. These elements were not
in the key flow area and with them being just over the preferred limit of 0.8 it was the
best mesh that was achieved over a number of mesh attempts with various settings.
The average mesh skewness in the volume was 0.216.
The mesh statistics for the solid body volume is shown on figure 6.12(b). The mesh
skewness in the solid body volume was better than 0.8 for all elements except for two
elements with two having a worst skewness of 0.838. The average mesh skewness in the
volume was 0.2334.)
Figure 6.11: Overall mesh result statistics for the cast pressure ring.
6.2.2 Meshing: Manufactured Pressure Ring
This section outlines the meshing settings and results for the manufactured pressure
ring model. The named selections applied to the cooling water inlet and out lets are
shown on figure 6.13.
Global mesh settings:
The volumes were meshed with a target maximum element count of between three to
four million elements.The maximum skewness target to obtain was 0.8.
The mesh physics preference was set to CFD, with the solver preference set to FLUENT.
The relevance was adjusted during the meshing iterations, with a final setting of 50
being used. The advanced size function was used, on-curvature with the Relevance
Center set to Fine, smoothing to high and transition to slow. The resulting default
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(a) Mesh statistics for the cooling water volume. (b) Mesh statistics for the solid body volume.
Figure 6.12: Individual mesh statistics for volumes in the cast pressure ring model.
Figure 6.13: Manufactured pressure ring cooling water inlet and outlet named selections.
sizing for the curvature angle, size factors and growth rate provided a good quality mesh
and did not require adjustment. The mesh parameter report window from FLUENT
is shown on figure 6.14.
Local mesh settings were applied to surfaces and bodies in order to optimise the mesh
in specific regions deemed necessary. The local mesh settings for the cooling water
volumes and solid body volume are further explained in separate sections.
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Figure 6.14: Manufactured pressure ring mesh parameter report window.
Local mesh settings for the cooling water volumes:
A body sizing of 3mm was applied to both cooling water volumes The body sizing
surface regions are shown on figure 6.15.
Figure 6.15: Body sizing regions on the manufactured pressure ring fluid volumes.
Inflation was applied to the cooling water volumes to allow finer layering of the mesh
in the boundary layer to provide sufficient nodes in the region for the solver to predict
the both the viscous and thermal boundary layers. The same settings were used for
both volumes. The inflation regions and the common settings are shown on figure 6.16.
Local mesh settings for the solid body volume:
A body sizing of 8mm was applied to the solid body volume of the manufactured
pressure ring as shown on figure 6.17
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Figure 6.16: Inflation applied to the cooling water volumes of the manufactured pressure
ring.
Figure 6.17: Body sizing for the solid body volume of the manufactured pressure ring.
Mesh results and statistics for the cast pressure ring:
The overall mesh statistics including all volumes is shown on figure 6.18. The worst
skewness was 0.799 and just below the target of 0.8, with an average skewness of
0.2256. The individual results for all three volumes were very close, with the maximum
skewness of 0.796, 0.799 and 0.799 for the main cooling, bellows cooling and solid body
respectively. The average skewness was 0.182, 0.209 and 0.225 for the main cooling,
bellows cooling and solid body respectively.
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Figure 6.18: Overall mesh result statistics for the manufactured pressure ring.
6.3 Solution setup in FLUENT
This section details the specific inputs and requirements in the ANSYS FLUENT setup
prior to running each model. There are three main sections in FLUENT, these include:
Problem Setup, Solution and Results.
6.3.1 Problem setup:
Launching FLUENT, double precision and parallel processing options were selected.
Double precision was suggested in the ANSYS online user guide for conjugate heat
transfer problems with high thermal conductivity ratios. As there is a large temperature
variation between the hot furnace environment and the cooling water, it was decided
that this would be valid to this case.
Model checks and report quality were conducted to ensure the model and mesh were
applicable.
For the cast pressure ring the Minimum Orthogonal Quality was 0.1918
For the manufactured pressure ring the Minimum Orthogonal Quality was 0.2266
Models:
Energy was enabled and the resizable k − ε model was selected for the viscous model.
Enhanced wall function with thermal effects was selected for the near-wall treatment.
The model tab from ANSYS is shown in figure 6.19.
Materials:
Material properties are applied to each volume in the model. In this case there are fluid
and solid material volumes. Due to the expected variation in temperature, the materials
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Figure 6.19: Viscous Model settings.
in the models were modified to allow for their changing properties with temperature.
Fluid volume material:
For the fluid volumes in both models, water was the applied material. The standard
water material in ANSYS was modified by changing the viscosity and conductivity to
piecewise-linear functions with data points at a range of temperatures. Properties such
as the density and specific heat capacity varied by less than 2% and and less than
1% respectively over the temperature range expected and were left as constant. The
variation of conductivity was just below 8% with viscosity having the greatest variation
above 60%. The modified water material input into the model is shown on table 6.1
Solid volume material:
For the solid body volumes, each pressure ring was manufactured from a different
material. These materials and their differences were outlined earlier in chapter 3. The
modified stainless steel material input into the model for the cast pressure ring is shown
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Table 6.1: Material input properties for water
Physical properties Value at temperature (K)
303 313 323 348 373
Thermal Conductivity (W/mK) 0.615 0.633 0.647 0.671 0.682
Viscosity (×10−6 Ns/m) 792.4 658 555.1 376.6 277.5
on table 6.2.
Table 6.2: Material input properties for stainless steel
Physical properties Value at temperature (K)
293 373 473 673 873 1073
Thermal Conductivity (W/mK) 14.5 16.5 17.5 20.5 23.5 27.0
Specific Heat (J/KgK) 490 500 520 540 550 560
The modified copper material input into the model for the manufactured pressure ring
is shown on table 6.3.
Table 6.3: Material input properties for copper
.
Physical properties Value at temperature (K)
293 373 473 573
Thermal Conductivity (W/mK) 393 386 381 376
Specific Heat (J/KgK) 386 393 403 no data
Boundary conditions:
The boundary conditions in the analysis include the heat loading from the furnace
environment to the outer exposed pressure ring surfaces, the shielded outer surfaces of
the pressure ring and the cooling water in and outlets.
External surface boundary conditions:
The calculated convection coefficients and temperatures from chapter 4 were applied
to the exposed back face named selections.
The inside outer surface of the pressure ring convection coefficients were estimated
based on the flow of mantle pressurisation air provided by the mantle fan. Air is
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blown into the mantle in order to keep a positive pressure inside the electrode to help
prevent the ingress of dust. The air velocity is relatively low and air volumes are
in the region of 30Nm3/hour. An estimated convection coefficient of 1.28 W/m2K
at a reference temperature of 70◦C was applied to the inside and lug surfaces. The
convection coefficient calculation is included in appendix E. The top face supports a
20mm thick insulation plate and this surface was thus considered to be insulated with
an applied heat flux of zero used to simulate this.
As discussed section 2.3 of chapter 2, the design should be analysed for the worst case
and as it was noted, this would be for a newly manufactured and installed component.
The surface of the metal would be expected to be in the oxidised condition due to
manufacturing and exposure to the furnace heat on initial start up. An oxidised surface
for the two materials used in this analysis offer the highest emissivity and hence will
attract a higher portion of the radiant energy from the furnace.
The emissivities for the oxidised and polished materials used are shown on table 6.4
and are the average emissivities extracted from Table 9.2 of Kreith et al. (2011) and
values published by Mikron (Table of Emissivity of Various Surfaces 2013).
Table 6.4: Average emissivities of applied materials
Material Oxidised Polished
Stainless Steel 18-8 0.8 0.18
Copper 0.78 0.05
The boundary conditions applied to the external surfaces are summarised on table 6.5
and the external surface named selections they are applied to are shown on figure 6.20.
Cooling Water boundary conditions:
The cooling water circuit differences and flow rates between the two designs were dis-
cussed in chapter 5. The applied velocities to the boundary condition were different
to the calculated main line velocity. This difference was due to the inlet ports to the
pressure ring being different to the main line pipe internal diameters. Based on conti-
nuity, the flow is constant, thus the velocity in the feed pipe × its cross sectional area
will equal the feed port velocity × its cross sectional area. The summarised line feed
velocities, the respective area ratios and the port inlet velocity applied as boundary
conditions are shown in table 6.6.
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Table 6.5: Boundary conditions applied to the external surfaces of each pressure ring:
Heat transfer Free stream External External
Named selection coefficient temperature emissivity radiation
(w/m2K) (K) (S/S) (Cu) temp (K)
heat back face 10 1185 0.8 0.78 1185
heat curve face 39 1460 0.8 0.78 1460
heat bottom face 55 1567 0.8 0.78 1567
heat top face n/a n/a n/a n/a n/a
heat inside face 1.28 343 n/a n/a n/a
heat side and lug face 1.28 343 n/a n/a n/a
heat inside face
heat top face
heat side and lug face
heat back face
heat curve face
heat bottom face
Figure 6.20: Named selections for the external surfaces of the pressure rings.
The momentum inlet boundary conditions to the water volumes were Velocity Inlets
normal to the boundary. The Initial Gauge Pressure was set to the calculated pressure
difference over the pressure ring.
The outlet boundary conditions from the water volumes were set as a Pressure Outlet
at zero Gauge Pressure for all circuits.
The Turbulence Specification Method for the inlets and outlets were set as Intensity
and Hydraulic Diameter with the Turbulent Intensity set at 10% and the Hydraulic
Diameter set to 0.03 meters based on the port diameters of 30mm.
10% is a value suggested in the FLUENT user guide for high intensity turbulent flow
at the inlet and outlet as is expected for this geometry.
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Table 6.6: Inlet velocities for the applied boundary conditions:
Line Line Port Area Port
Circuit velocity pipe ID ID ratio velocity
(m/s) (mm) (mm) (m/s)
Cast Pressure Ring water circuit 2.064 35 30 1.361 2.81
Manufactured Pressure
1.747 35 30 1.361 2.38
Ring cooling circuit
Manufactured Pressure
1.648 26.6 30 0.786 1.30
Ring Bellows circuit
The temperature of the fluid entering the volume was set at 308 Kelvin (35◦C) based
on the average inlet bulk temperature of the cooling water in the supply manifold from
chapter 5. The Backflow Total Temperature for flow back into the volume at the outlet
boundary was set at 318 Kelvin (45◦C). This was based on the expected temperature
difference over the pressure ring to be approximately 10◦C.
The cooling water boundary condition inputs are summarised on table 6.7
Table 6.7: Inputs summary for cooling water boundary conditions
Cast Manufactured
Input Pressure Pressure Ring
Ring Main cooling Bellows
Water inlet velocity (m/s) 2.81 2.38 1.30
Water inlet pressure (Pa) 14 000 18 000 9 450
Water outlet pressure (Pa) 0 0 0
Water inlet temperature (K) 308 308 308
Water back flow temperature (K) 318 318 318
Water Turbulent intensity (%) 10 10 10
Water hydraulic diameter (mm) 30 30 30
6.3.2 Solution:
Solution Methods:
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The SIMPLE scheme was selected for the Pressure-Velocity Coupling. For the Spa-
tial Discretization settings, Least Squares Cell Based was selected for the Gradient,
PRESTO for Pressure and Third-Order MUSCL for the remaining options.
Before using Third-Order MUSCL, Second Order Upwind was evaluated on a number
of runs but this never resulted in a solution where the residuals reduced to the required
set limits.
Solution Controls:
The standard under-relaxation factors were retained for the analysis. Early experimen-
tation with these values tended to result in divergence in some cases and in the end it
was not found to be necessary to adjust them for these models.
Monitors:
The residuals were all set to 1×10−4 except for energy being set to 1×10−6. Additional
monitors were created to monitor the average outlet temperatures, inlet pressures and
mass flow rates. These were used to check that the values had stabilised when the
residuals were deemed to have converged after they had reduced to (or) below the set
values. This is a secondary check to better predict if the solution had indeed converged.
Solution Initialization:
The initialization method used was the standard initialization option, computed from
the fluid outlet. Experimenting with both the standard initialization and the hybrid
initialization, it was found that applying the standard initialization from the fluid
outlet more often resulted in a converged solution than with the other options for these
models. However, this was found to be dependent on the mesh.
Run Calculation
Once all the settings had been input, the analysis was set to run. In general during
the analysis there was periodic gradient adaption conducted on the mesh to aid in
achieving a converged solution. This was done by waiting for the initial solution with
the standard mesh to reach a point of reasonable stability in the additional monitors.
Depending on which residual was deemed to be high and hindering convergence, the
appropriate gradient adaption was performed, typically two iterations at a time. The
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gradient adaption found necessary was mainly for velocity and temperature in these
models. Generally the velocity gradient would be adapted first, based on 10% of the
scaled refinement threshold. The analysis was then run for around 200 iterations when
the gradient was re-evaluated. The second round of velocity gradient adaption is then
based on 10% of the present scaled refinement threshold. A final scaled refinement
threshold of 15 seemed to suit the models well in these cases. When the energy residual
was found to be remaining high, thermal gradient adaption applied in the same manor
as for the velocity gradient tended to help.
6.3.3 Fluent results
On convergence of the solution, there were two main checks conducted in addition to
checking that the monitors had stabilized and that the residuals had obtained their set
values or better. These included checking the overall fluxes for the Total Heat Transfer
Rate and mass flow rate through the circuits.
The result windows for the converged cast pressure ring analysis are shown on figure
6.21(a) and for the manufactured pressure ring are shown on figure 6.21(b).
6.4 Analysis Results
Post processing of the solution and the creation of contour plots, flow streamlines and
velocity vector plots etc were conducted in ANSYS post.
6.4.1 Results discussion
The computed data from the analysis of both pressure ring designs is shown on figure
6.22. This data was generated in ANSYS Post using the internal table generation
capability and parametric equations.
From the data analysed in the post processing of the simulations a summary of the
key results have been tabulated on table 6.8. Referring to the key data summarised on
the table, we can see that the predicted maximum exposed surface temperature of the
6.4 Analysis Results 107
(a) Flux checks for mass flow and heat transfer for
the cast pressure ring model.
(b) Flux checks for mass flow and heat transfer for
the manufactured pressure ring model.
Figure 6.21: Flux checks for mass flow and heat transfer after convergence.
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(a) Computed data summary from the cast
pressure ring model.
(b) Computed data summary from the man-
ufactured pressure ring model.
Figure 6.22: Temperature contours on the back face of the Pressure Rings.
manufactured pressure ring is approximately 3 times less than the cast pressure ring.
The difference between the predicted maximum and minimum exposed surface tem-
peratures on the manufactured pressure ring is also lower than the cast pressure ring
by approximately 3.3 times. This difference between the maximum and minimum is
a representation of the expected temperature gradients within the body, and it would
be assumed that the lower the difference the better. Having a high thermal gradient
could result in differing grain size and structures within the body due to the microstruc-
tural changes at the different temperatures as noted by Toulouevski & Zinurov (2010)
discussed in the background chapter 2. This could also induce thermal stresses due
to the differing thermal expansions. While the predicted temperatures appear to be
low enough for there not to be a concern with the 304 grade of stainless steel when
considering the phase diagram (figure 6.23) this could be a concern when using other
materials with relatively low thermal conductivities.
The solid body bulk volume average temperature is the calculated average temperature
of the solid body. Here again the manufactured pressure ring is lower, with the difference
not as high, but is still 1.8 times less than the cast design.
The total flow rate of cooling water per electrode was kept the same. The variation of
0.17% is related to the rounding the inlet velocities.
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Figure 6.23: Phase diagram of steel with a constant 18-8 Cr-Ni ratio (Source: Askeland &
Phule 2008, p.485).
When considering the energy extracted by the cooling water per segment, the calculated
energy extracted from the cast design is 493kW and from the manufactured design is
518kW. The energy extracted was output from FLUENT on figure 6.24 given by the
wall shadows or by subtracting the energy from the in and outlets of the cooling water.
This was also checked hand calculation.
For the cast pressure ring:
P = (m˙)(cp)(∆T ) (6.1)
= (1.97)(4.174)(10)
P = 82.23 kW per segment
For the manufactured pressure ring:
P =
∑
(m˙)(cp)(∆T ) (6.2)
= (1.669)(4.174)(9.842) + (0.911)(4.174)(4.673)
= 68.56 + 17.77
P = 86.33 kW per segment
This is a difference of only 5% with sizable gains in the reduction of the operating
average bulk temperature as well as the peak surface temperatures and reduction in
gradients certainly does indicate that the manufactured pressure ring has an improved
thermal performance over the cast design.
The back outer surface temperature profiles for each case are shown on figure 6.24. The
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Table 6.8: Analysis result summary
Cast Manufactured
Pressure Ring Pressure Ring
Maximum exposed surface temperature: 566.4 ◦C 186.7 ◦C
Minimum exposed surface temperature: 155.8 ◦C 57.1 ◦C
Difference between minimum and
418.6 ◦C 129.6 ◦C
maximum exposed surface temperature:
Solid body bulk volume average
158 ◦C 87.5 ◦C
temperature:
Total cooling water mass flow
11.82 kg/s 11.84 kg/s
rate per electrode:
Total energy extracted through the
82.2 kW 86.3 kW
cooling water per segment:
Total energy extracted through the
493 kW 518 kW
cooling water per electrode:
temperature scales are the automatic scales set by ANSYS based on the local calculated
temperature range of the model. This plot illustrates the the minimum and maximum
temperatures and their distributions over each model. The position of minimum and
maximum temperatures of the outer faces exposed to the furnace environment are
indicated with black and pink dots respectively.
Comparing the result plots, it is evident that the manufactured copper pressure ring
has a much lower temperature gradients than what is shown on the cast stainless steel
pressure ring.
The temperature variation over the C-shape in the center of the cast pressure ring
indicated by line A-B shows a variation from approximately 170◦C on the left at A,
moving towards the right, increasing to approximately 360◦C at B over a length of
75mm. The difference between the high and low temperature over this length is 190◦C
The results in a thermal gradient of approximately 2.53 ◦C per mm.
The gradients at C-D and E-F were estimated as 3.16◦C per mm and 3.57◦C per mm
respectively. These large gradients are related to the relatively low conductivity of the
stainless steel as the heat is not easily dissipated into the body.
As shown on the manufactured pressure ring, the gradients are much less. Considering
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the highest gradient area shown at line A-B on the manufactured pressure ring, the
maximum temperature is 160◦C at A, moving towards B a length of 75mm, increasing
to approximately 187◦C at B. The difference between the high and low temperature
over this length is 27◦C The results in a thermal gradient of approximately 0.36 ◦C per
mm.
Figure 6.25 shows the same plot as shown on figure 6.24, but with the same temperature
scale range applied to both models. Setting the same temperature range scales on both
models gives a better comparative representation of the temperatures on each model.
This clearly shows that the manufactured copper pressure ring has a much lower peak
temperature and a much lower thermal gradient over its volume compared to the cast
stainless steel design.
Figure 6.26 shows the inside face of the pressure rings. In this plot, the high thermal
gradient in the cast stainless steel component is clearly visible.
The cooling water velocity vectors plotted on streamlines originating at the inlets are
presented on figure 6.27. These plots show the predicted flow paths and velocity vari-
ation within the cooling water passages. As expected, on the cast design there are
regions of low, almost stagnated flow velocities with regions of higher velocities within
the water volume. There are also regions of accelerated flow through the entry and exit
transfer ports. In the main cooling circuit on the manufactured design, the flow velocity
is approximately constant as expected due to the uniform passage cross sectional area
of flow.
Figure 6.28 shows the solid-fluid interface temperature overlayed on the velocity vector
plots. This shows the relationship between the flow velocity and the interface temper-
ature. In regions of stagnating or low flow velocity, it clearly shows elevated interface
temperatures due to the lower convection rate.
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(a) Temperature contours on the back face of the cast Pressure Ring.
(b) Temperature contours on the back face of the manufactured Pressure Ring.
Figure 6.24: Temperature contours on the back face of the Pressure Rings.
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(a) Temperature contours on the back face of the cast Pressure Ring.
(b) Temperature contours on the back face of the manufactured Pressure Ring.
Figure 6.25: Temperature contours on the back face of the Pressure Rings with the same
temperature scale.
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(a) Temperature contours on the inside face of the cast Pressure Ring.
(b) Temperature contours on the inside face of the manufactured Pressure Ring.
Figure 6.26: Temperature contours on the inside face of the Pressure Rings.
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(a) Velocity vectors plotted on streamlines originating at the inlets of the cast Pressure
Ring.
(b) Velocity vectors plotted on streamlines originating at the inlets of the manufactured
Pressure Ring.
Figure 6.27: Velocity vectors plotted on streamlines in the fluid regions of the Pressure
Rings.
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(a) Solid-fluid interface temperature overlay over the fluid velocity vectors of the cast
Pressure Ring.
(b) Solid-fluid interface temperature overlay over the fluid velocity vectors of the man-
ufactured Pressure Ring.
Figure 6.28: Solid-fluid interface temperature overlay over the fluid velocity vectors of the
Pressure Rings.
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Boundary layer and the velocity at the wall
A point of concern was found when reviewing the results from both heat transfer models.
It was found that the fluid velocity at the wall was no longer reducing to zero.
When comparing the results from the cooling water simulations used to predict the
pressure ring loss coefficient K in chapter 5 section 5.4, the velocity did reduce to zero
at the walls. The fluid mesh in both the cooling water models and the heat transfer
models were the same.
The velocity contours and the sample line position for the velocity profile plots are
shown on figure 6.29. The velocity profile plots on line 1 for the cast pressure rings
heat transfer model and cooling water model are shown on figure 6.31. The velocity
profile plots on line 1 for the manufactured pressure rings heat transfer model and
cooling water model are shown on figure 6.32.
The plots clearly show the velocity reducing to zero at the walls for the cooling water
simulation models, but not reducing to zero on the heat transfer models.
Checks were then conducted on a simple cylindrical pipe model with various meshing
options to try and understand why this was the case. Several different mesh options
were evaluated, with coarse mesh, finer mesh and then combinations of various inflation
layers.
The results of the exercise show that in all cases the velocity at the wall does reduce
to zero regardless of there being an inflation layer present or not. The exercise also
confirms that correctly set inflation is required to accurately represent the boundary
layers.
In all the check models, there was only a fluid volume.
For the final check, a second volume was added, representing the solid volume of the
tube enclosing the fluid volume. No settings were changed other than to mesh the
second volume, set it as a solid, apply a solid material and add a heat load to its
surface.
When this model was run the same results were experienced as with the pressure ring
heat transfer models, the fluid velocity no longer reduced to zero at the walls. The
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(a) Cast Pressure Ring. (b) Manufactured Pressure Ring.
Figure 6.29: Sample line position through the cooling water passage of the cast and man-
ufactured Pressure Rings.
(a) Pipe test model with only the
fluid volume.
(b) Pipe test model with both the
fluid and solid volumes.
Figure 6.30: Velocity contours and model geometry of both pipe test models.
velocity profile of the pipe model with only the fluid volume, showing the geometry is
shown on figure 6.30(a) and the pipe model with both the fluid and solid volumes is
shown on figure 6.30(b). The velocity profile plots for both test pipe models are shown
on figure 6.33.
The reason for the plots not showing the velocity reducing to zero at the walls when
there are solid and fluid volumes is still unknown. Based on this occurring on all the
models, even a simple tube model created in design modeler would suggest this is an
issue related to the solver rather than user error.
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(a) Heat transfer model.
(b) Cooling water model.
Figure 6.31: Velocity profile plots through the cooling water passage of the cast Pressure
Ring on sample line 1.
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(a) Heat transfer model.
(b) Cooling water model.
Figure 6.32: Velocity profile plots through the cooling water passage of the manufactured
Pressure Ring on sample line 1.
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(a) Pipe test model with fluid and solid volumes.
(b) Pipe test model with only the fluid volume.
Figure 6.33: Velocity profile plots through the pipe flow test water passage without and
with the solid volume.
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6.5 Conclusion
There is a clear reduction in the overall operating temperatures of the manufactured
pressure ring compared to the cast pressure ring. This includes reductions of the bulk
volume temperature of the solid body, the peak temperatures as well as a reduction in
thermal gradients within the solid volume.
Based on the recommendations made by Toulouevski & Zinurov (2010) as discussed
in chapter 2, the hot surface temperature of the cast pressure ring exceeds their rec-
ommended maximum hot face temperature of 400◦C as the peak temperature on the
exposed surface was predicted to be 566◦C. Also, Toulouevski & Zinurov (2010) rec-
ommend that the interface temperature between the solid and the fluid should not
exceed the waters boiling temperature. As shown on figure 6.28, there are a number
of positions where the interface temperature on the cast pressure ring design exceeds
100◦C, again the design exceeds the recommended temperature limit.
The results indicate that the cast pressure rings durability in these conditions could be
reduced and would likely be susceptible to premature failures such as cracking.
The manufactured pressure rings exposed hot surface temperature peak was predicted
to be 187◦C. This is well below the recommended maximum of 300◦C for copper as
suggested by Toulouevski & Zinurov (2010). Also the maximum interface temperature
between the solid and the fluid was found to be on average 65◦C with a peak in the
separated regions of close to 90◦C.
These results suggest that the design evolution from the cast stainless steel design to
a wrought copper manufactured design has improved the thermal performance of the
pressure rings.
Chapter 7
Conjugate heat transfer analysis
of the Pressure Rings during
transient heat load conditions
from the furnace using FLUENT
7.1 Chapter overview
This chapter analyses the behaviour of both pressure ring designs during transient con-
ditions in the furnace using ANSYS FLUENT transient analysis. The purpose of these
analyses are to observe how the temperatures of the solid bodies, their temperature dis-
tributions and the cooling water outlet temperatures change during a sudden increase
in furnace temperature followed by a sudden restoration of the initial conditions.
Analysing the dynamic behaviour of the pressure rings to the changing furnace condi-
tions will provide insight into the thermal loading cycles these components endure in
service. This may aid in understanding of the failure mechanisms that relate to cracks
that are often experienced particularly near the bottom.
7.2 Introduction 124
7.2 Introduction
During the operation of a furnace, the heat loading conditions from the furnace to the
pressure ring are changing. This is due to bed movement as its consumed resulting in
changes in the position of the CO gas exit points around the bed. There is also periodic
charging of additional feed mix to replenish what is consumed and tapped out of the
furnace. The additional mix is also spread out over the bed by means of a stoking car
with a boom designed for this purpose. The stoking car is also used to suppress areas
with hot jets by covering them with furnace mix. These periods of hot gas jets cause
additional higher heat loading to the pressure rings in service. The response of the
pressure rings to these periods of hot jets are the focus of the transient analysis.
ANSYS FLUENT is used to predict the behaviour of the two designs during a tran-
sient heat loading. Monitors were set to record the change in the outlet cooling water
temperature as well as the change in the bulk temperature of the solid bodies of each
design. The maximum and minimum surface temperatures of the exposed surfaces of
the pressure rings were also monitored.
The steady state models of the conjugate heat transfer analyses were used as the base
for the transient heat transfer analyses. The thermal loading to the pressure rings
from the furnace was varied in a step type function for the transient analyses. This is
intended to simulate a sudden increase in heat loading to the pressure ring due to the
bed opening in the area of the pressure ring and resulting in hot flame jets impinging.
When these jets occur the furnace operators generally act quickly to control them by
moving additional furnace mix material over the area with the stoking car.
This suppression of the flame jets was simulated by step reducing the thermal loading
back to the initial conditions. The calculated steady state heat loading was increased by
a factor of 1.3. This increase of 30% is a guessed value that gave a reasonable recovery
time for the analysis after returning the higher heat loading to the initial conditions.
7.3 Analysis methodology
The methodology used to conduct the transient analysis of the pressure rings in the
conditions as described was as follows:
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• Open the solution file of the steady state model.
• Set time solver to transient.
• Set new monitors for recording the required data for each time step.
• Run the model for 20 seconds using the transient solver with the initial heat
loading from the steady state model to set the base line in the result plots.
• Increase the heat loading boundary conditions to the maximum values on the
back, curve and bottom faces of the pressure rings.
• Run the models for a further 100 seconds at the maximum heat loading simulating
the adverse thermal loading conditions.
• Reduce the heat loading boundary conditions back to the initial values on the
back, curve and bottom faces of the pressure rings.
• Run the models for a long enough duration to allow the models to return to
steady state conditions.
• Prepare comparative plots of the data.
7.4 Solution setup in FLUENT
The models are the same models as used in the steady state analyses. The steady state
files with their solutions were saved as new files and changed to transient. The changes
to these models in the FLUENT setup is explained below.
The time setting if the solver was changed to transient in the general section of the
solution setup. The transient formulation was set to Second Order Implicit under
the solution methods tab of the solution settings. Additional monitors were set to
monitor the per time step results of the parameters of interest. In this case, the
average bulk temperature of the solid body and the cooling water outlet temperatures
were monitored for analysis. Auto saves were set to save the results at key time step
points in the analysis for post processing. The boundary conditions were retained from
the steady state analyses for the first 20 seconds. This was done in order to have a
period of initial steady state condition data for reference. After the 20 second period
the boundary conditions for the three exposed outer surfaces were adjusted with the
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higher temperature heat loading. The initial temperatures are referred to as set point 1
and the higher heat load temperatures are referred to as set point 2. The temperatures
and their respective named selections in the model are shown on table 7.1.
Table 7.1: Transient heat load values for the two temperature set points
Free stream Free stream
Named selection temperature Factor temperature
set point 1 (K) set point 2 (K)
heat back face 1185 1.3 1540
heat curve face 1460 1.3 1900
heat bottom face 1567 1.3 2040
The higher heat load was applied for 100 seconds. Following this period, the initial
heat loading boundary conditions were re-applied and the models were set to run until
they had returned to their steady state conditions.
7.5 Results
Data from each analysis was recorded for each time step for the average bulk temper-
ature of the pressure ring body as well as the outlet temperature of the cooling water
circuits.
Of the two models, the cast pressure ring showed the most interesting results. Con-
sidering the temperature contours on the back faces of the cast pressure ring on figure
7.1, as the increased heat load was applied between the 20 second and 120 second time
period, the position of the peak surface temperature moved away from the lug tips
and a point at the middle top of the back face to the bottom surface of the pressure
ring. As expected when the heat loading was returned to the initial conditions after
120 seconds, the peak surface temperature positions returned back to the lug tips and
the middle top position. This was very interesting as it suggests that there is very
active movement of the hot zones. This movement is expected to be detrimental when
considering the durability of the component. As Toulouevski & Zinurov (2010) note in
their recommendations, these fluctuations can lead to phase changes in the materials
structure that can lead to corrosive wear and flaking and ultimately cracking and leaks.
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The movement of these hot zones increases the number of possible nucleation sites.
Considering the manufactured pressure ring on figure 7.3, when the increased heat
loading is applied and then removed, the relative temperature profile remains almost
unchanged over the cycle. As with the cast pressure ring, the overall temperatures do
increase, but there was virtually no change in the pattern.
The fluid-solid interface temperature of the cast pressure ring contained regions that
exceeded the cooling waters boiling temperature. As the temperature increases during
the higher heat load period, the plots show a substantial growth of these regions. The
plots have been scaled with the same temperature scale to show the growth of the hot
regions.
There is an increase in the fluid-solid interface temperature on the manufactured pres-
sure ring during the increased heat loading, but in this design, even at the peak thermal
loading at 120 seconds, the maximum temperature does not exceed 96◦C.
The plotted data for the average cooling water outlet temperatures on figures 7.5 and
7.6, show the variation of the outlet temperature over time for a duration of 300 and
900 seconds. Both designs exhibit signs of lag from when the higher heat load was
applied and removed. The lag is evident just after 20 and 120 seconds where the
change in temperature occurs slightly after the time where the change in heat loading
was initiated. The response of the cast pressure ring is slower than the manufactured
pressure ring.
Of interest is the behaviour of the main cooling water outlet temperatures on both
designs. As noted in the discussion in chapter 2, section 2.3, it was thought that the
additional mass of the manufactured pressure ring would behave as a thermal flywheel
during transient conditions. Hence in periods of higher heat load, the additional mass
should be able to absorb this additional energy and dissipate it to the cooling water on
subsidence of the higher heat load.
When comparing the cooling water outlet temperatures of the cast and manufactured
pressure rings, the manufactured pressure ring reacts first with its outlet temperature
increasing before the cast pressure ring. Then at about 55 seconds, the cooling water
outlet temperature of the cast pressure ring starts to increase above that of the man-
ufactured one. At the end of the higher heat loading phase at 120 seconds, the peak
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temperature of the cast pressure rings outlet cooling water is higher than that of the
manufactured one. During the cooling phase, the manufactured pressure rings outlet
temperature remains lower than the cast pressure ring initially, but after about 172
seconds the cooling water outlet temperature of the cast pressure ring starts to drop
below that of the manufactured one and stays below until the third and final cross over
at about 450 seconds. This behaviour of the manufactured pressure ring does seem to
possess a suppressive or dampening effect on the peak temperature as well as a longer
recovery time when releasing the bodies thermal energy to the cooling water.
While it does seem to behave as a thermal flywheel as mentioned, the effect is not very
substantial.
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(a) 15 seconds. (b) 60 seconds.
(c) 120 seconds. (d) 150 seconds.
(e) 300 seconds. (f) 900 seconds.
Figure 7.1: Temperature contours of the cast pressure rings back surfaces
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(a) 15 seconds. (b) 60 seconds.
(c) 120 seconds. (d) 150 seconds.
(e) 300 seconds. (f) 900 seconds.
Figure 7.2: Temperature contours at the fluid-solid interface of the cast pressure ring
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(a) 15 seconds. (b) 60 seconds.
(c) 120 seconds. (d) 150 seconds.
(e) 300 seconds. (f) 900 seconds.
Figure 7.3: Temperature contours of the manufactured pressure rings back surfaces
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(a) 15 seconds. (b) 60 seconds.
(c) 120 seconds. (d) 150 seconds.
(e) 300 seconds. (f) 900 seconds.
Figure 7.4: Temperature contours at the fluid-solid interface of the manufactured pressure
ring
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Figure 7.5: Average cooling water outlet temperature variation with time over 300 seconds.
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Figure 7.6: Average cooling water outlet temperature variation with time over 900 seconds.
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Figure 7.7: Body bulk average temperature variation with time over 300 seconds.
0 100 200 300 400 500 600 700 800 900
80
100
120
140
160
180
200
220
240
90.0808 C
160.9612 C
Time (s)
Te
m
pe
ra
tu
re
  C
Body bulk average temperature variation with time over 900 seconds
 
 
Manufactured Pressure Ring
Cast Pressure Ring
Student Version of MATLAB
Figure 7.8: Body bulk average temperature variation with time over 900 seconds.
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7.6 Conclusion
Under the transient heat loading conditions from the furnace, the results continue to
show that the manufactured pressure ring design delivers better thermal performance
as the peak and average bulk body temperatures remain lower through the transient
loading on the manufactured design than on the cast pressure ring.
A major difference noted was the stability of the thermal distribution on the manufac-
tured pressure ring when compare to the cast design.
The movement of the peak temperature regions on the cast design during the transient
heat loading is of concern. This does suggest that the cast pressure rings durability in
these conditions would be reduced and could be susceptible to premature failures from
cracking related to thermal fatigue related to the movement of these hot zones.
There is an increased likelihood on the cast design that localised boiling of the cooling
water could form a vapour film, particularly at the higher heat loading. As explained
by Toulouevski & Zinurov (2010), if this vapour film builds and stabilises, it can cause
a sudden increase in the local solid body temperature as the film has a very low thermal
conductivity. This could lead to the wall burning through and failure of the pressure
ring. The likelihood of a vapour film building up on the manufactured design would be
very low as even at the higher heat load, the interface temperature is still below the
boiling temperature of the cooling water.
The manufactured pressure ring does seem to show signs of the thermal flywheel effect
by the indicated dampening of the peak temperature as well as a longer recovery time
back to the initial condition temperatures when compared to the cast pressure ring.
However the effect is not very substantial.
Chapter 8
Conclusions and Further Work
8.1 Conclusion
The thermal heat loading conditions in the furnace that the pressure rings are exposed
to was estimated as well as the cooling water flow rates. These were applied to the two
pressure ring models and a computer simulation of their thermal performance in these
conditions was conducted and the results evaluated. These models can now be used as
reference models for comparison to other designs and new concepts for pressure rings.
The results strongly indicate that the copper manufactured pressure ring is a signifi-
cantly improved design over the cast stainless steel pressure ring when considering its
thermal performance. By employing a high conductivity material such as copper, al-
lowed for the simplification of the cooling passages to simple drilled holes. These drilled
passages have the advantage of being much easier to manufacture, but also keeping the
flow section uniform. This minimises the risk of localised stagnation points in the flow
that could result in the increased probability of boiling as seen in the variable sections
of the cast cooling water cavities. The results also show that all the respective surface
temperatures on the manufactured pressure ring are below the recommended maxi-
mums for maximising a water cooled components durability in a furnace, where the
cast stainless steel designs surface temperatures had exceeded the recommendations.
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8.2 Achievement of Project Objectives
The following objectives specified in the project specification have been addressed:
Item 1 Research into the operation of furnaces and supporting data from industry
professionals was conducted. This provided a large amount of background data
of the processes within the furnace that contribute to creating the operating
environment that the pressure rings are exposed to. It was found that this data
was not sufficient to calculate the expected heat loading from the furnace to the
pressure rings alone. However, the data did provide a good base for application
in a secondary CFD model to predict the temperature distributions, the flow
velocities and directions within the furnace gas volume where the pressure rings
operate. In conjunction with the CFD model results, the convection coefficients
and radiation reference temperatures were able to be estimated for this project.
Chapter 4 covered the majority of this work.
Items 2 and 3 were essentially addressed together, the ANSYS engineering simula-
tion software used in this project has an internal extension FLUENT.
FLUENT is a computational fluid dynamics package that is used for solving fluid
flows and their flow fields from simple flows such as water in a pipe to combustion
modeling. This package also has the ability to combine solid and fluid domains
and is able to solve the interaction of heat conduction through a solid body into
a fluid flowing over it and calculate the local heat transfer coefficients and hence
the thermal convection into the fluid stream automatically. The research into
the effect of sediment buildup was conducted and discussed in chapter 2, sec-
tion 2.4, and was found to certainly reduce the cooling capacity of water cooled
components.
Item4 was addressed between chapters 4, 5 and 6. The pressure drops through the
pressure rings were estimated using FLUENT to calculate the pressure difference
over the inlet and outlets while the flow rate was adjusted. The loss coefficient,
K for both designs was then calculated for use in the flow rate calculations of
the small bore piping and the subsequent optimal flow rates. The appropriate
temperature delta over the pressure rings cooling water inlet and outlets was
calibrated by applying a correction factor to the calculated applied temperatures
in a systematic iterative process until the temperature delta closely matched the
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site data of the cooling water circuits during normal operation.
Item 5 The cooling capacity of each design during transient furnace heat load con-
ditions was evaluated and compared in chapter 7. This analysis was conducted
using the transient solver and applying a step in the heat load temperatures
for a set duration, returning the heat loading to the initial conditions and then
observing the behaviour of each design.
Items 7 and 8 were tasks proposed as time permitted, but were not achieved. A lot
of time was spent on learning ANSYS and FLUENT as well as additional time
was spent on the gas volume CFD analysis that while it is believed to have added
value to the outcomes of this project, time was not allocated for this. Due to
these additional activities there was no time left on the project to explore the
manufacturing methods of each design or to propose an optimal design based on
the analysis.
8.3 Further Work
Further work that could be conducted to enhance the project further would be to obtain
additional data from operating components to check and verify the results to improve
on the accuracy of the model.
Additional information could be found to explain why the predicted flow velocity at the
wall of the conjugate heat transfer models were no longer reducing to zero and what
effect this has, if any, on the calculated heat transfer from the solid body to the fluid.
This was found during the steady state heat transfer analysis of chapter 6.
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rings using CFD and heat transfer solvers to evaluate and compare the two basic 
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As time permits: 
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8. Propose an optimal design based on the analysis. 
 
 
AGREED  _____________________  (Student)  _____________________  (Supervisor) 
  Date:    Date:   
 
Examiner/Co‐examiner:________________________________ 
Appendix B
Detail drawings
146
AA
CC
18
80
R8
91
187
4582
5
84
3
18
248 307
555
338
445
89
1
87
3
82
5
35
110
30
0
30
0
62 68 62 68 6233
98 62 68 62 70 195
200
735
60
30
35
30
30
°
30
°
748
18
30
110
A
R
E
V
.
A
1
1:
3
S
C
A
LE
:
D
A
TE
S
IG
N
E
N
G
IN
E
E
R
C
H
E
C
K
E
D
D
R
A
W
N
D
A
TE
D
E
S
C
R
IP
TI
O
N
N
o.
REVISIONS
D
R
A
W
IN
G
 T
IT
LE
D
R
A
W
IN
G
 N
o.
REFERENCE
U
na
ut
ho
ris
ed
re
pr
od
uc
tio
n
pr
oh
ib
ite
d
 
 C
 a
nd
ot
he
r
in
te
llr
ct
ua
l
pr
op
er
ty
rig
ht
s
S
.R
og
er
s
A
P
P
R
O
V
E
D
:
S
.R
og
er
s
S
.R
og
er
s
02
/0
8/
20
13
 IS
S
U
E
D
 F
O
R
 A
N
A
LY
S
IS
A
S
.R
og
er
s
E
N
G
IN
E
E
R
:
C
H
E
C
K
E
D
:
01
/0
8/
20
13
S
.R
og
er
s
D
E
TA
IL
E
D
:
S
.R
og
er
s
M
O
D
E
LE
D
:
D
R
A
W
IN
G
 N
o.
R
0
0
1
-
1
0
-
0
5
-
0
0
1
1
O
F
1
S
H
E
E
T
TI
TL
E
:
C
A
S
T 
P
R
E
S
S
U
R
E
 R
IN
G
 D
E
TA
IL
S
P
R
O
JE
C
T:
C
O
N
JU
G
A
TE
 H
E
A
T 
TR
A
N
S
FE
R
 A
N
A
LY
S
IS
C
LI
E
N
T:
U
S
Q
 R
E
S
E
A
R
C
H
 P
R
O
JE
C
T 
E
N
G
41
12
S
E
C
TI
O
N
  A
-A
S
E
C
TI
O
N
  C
-C
S
C
A
LE
  1
:5
Figure B.1: CAD detail drawing of the cast pressure ring segment.
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Figure B.2: CAD detail drawing of the manufactured pressure ring segment.
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22/10/13 5:18 PM Y:\Documen...\adiabatic_flame_temp_R3.m 1 of 4
% Calculation of the adiabatic flame temperature
% S Rogers
% August 2013
% Revision 2
% Revision Date: 20 August 2013
% Revision 3 - Updated to accept pre-heat
% Revision Date: 29 August 2013
clear;
clc;
format long;
%format short
% Balanced stoichiometric combustion for CO:
% 2CO + O2 + 3.76N2 -> 2CO2 + 3.76N2
%equns=[2, 1, 3.76, 2, 3.76]; % The above equation 
equns=[1, 0.5, 1.88, 1, 1.88]
% Molecular weights of the elemnts:
MWC=12.011;
MWO=15.9994;
MWN=14.0067;
% Inlet Temperatures (DegC):
Tair=600
Tfuel=25
% Stoichiometric Fuel-Air ratio:
F_A_stoi=(equns(1)*(MWC+MWO))/(equns(2)*2*MWO+equns(3)*2*MWN);
% Additional volume of air greater (- less) than the fuel volume:
dilution=4.75;
% diluted fuel-air ratio:
F_A=(equns(1)*(MWC+MWO))/((equns(2)*2*MWO+equns(3)*2*MWN)*dilution);
count=0;  % Set the counter for the FOR loop to zero
for thi=1 %[0.1:0.01:3] %[2, 1.1, 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1]
count=count+1
% Balanced combustion for CO:
% (thi)2CO + O2 + 3.76N2 -> (thi)2CO2 + 3.76N2 + ?O2
% equn=[thi*2, 1, 3.76, thi*2, 3.76, 1-thi]; % The above equation
equnlean=[thi, 0.5, 1.88, thi, 1.88, 0.5*(1-thi),0]; % The above equation
equnrich=[thi, 0.5, 1.88, 1, 1.88, 0, (1-thi)];
% balance left and right sides  of the equation to account for the equivalence
% ratio
%del Y=(equn(1)*MWO+equn(2)*2*MWO-equn(4)*2*MWO)/(2*MWO)
% Updating the equation for Y:
% del equn=[thi*2, 1, 3.76, thi*2, 3.76, Y] % The above equation
if thi<=1
    equn=equnlean
else
    equn=equnrich
end
%==================================================================
% Adiabatic Flame Caluclations:
%==================================================================
% Data from Table 1: Enthalpies and molecular weights for C-H-O-N
% combustion systems Information Booklet Energy Technology
hfCO=-110541     % kJ/kmol
hfO2=0           % kJ/kmol
hfN2=0           % kJ/kmol
hfCO2=-393546    % kJ/kmol
Figure C.1: Matlab code for calculating the adiabatic flame temperature with a varied
equivalence ratio page 1 of 4.
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22/10/13 5:18 PM Y:\Documen...\adiabatic_flame_temp_R3.m 2 of 4
%==================================================================
% Bring in the Pre-heat enthalpy values:
%==================================================================
% Fuel:
TfuelK=Tfuel+273.15   % Covert the pre-heat temperature to Kelvin
% set the interpolation Temperatures:
if TfuelK<1000
    x=(TfuelK-100)/100
    x1=floor(x)
    fuel_temp1=x1*100+100
    x2=ceil(x)
    fuel_temp2=x2*100+100
elseif TfuelK<2000
    x=(TfuelK-1000)/100
    x1=floor(x)
    fuel_temp1=x1*100+1000
    x2=ceil(x)
    fuel_temp2=x2*100+1000
elseif TfuelK<3000
    x=(TfuelK-2000)/100
    x1=floor(x)
    fuel_temp1=x1*100+2000
    x2=ceil(x)
    fuel_temp2=x2*100+2000
else TfuelK<4000    
    x=(TfuelK-3000)/100
    x1=floor(x)
    fuel_temp1=x1*100+3000
    x2=ceil(x)
    fuel_temp2=x2*100+3000
end
combust_temp=fuel_temp1
fuel_prop1=combustion_properties(combust_temp)
combust_temp=fuel_temp2
fuel_prop2=combustion_properties(combust_temp)
fuel_prop=[fuel_prop1;fuel_prop2]
fuel_temps=[fuel_temp1;fuel_temp2]
Fuel_prop=interp1(fuel_temps,fuel_prop,TfuelK)
% Air:
TairK=Tair+273.15   % Covert the pre-heat temperature to Kelvin
% set the interpolation Temperatures:
if TairK<1000
    x=(TairK-100)/100
    x1=floor(x)
    air_temp1=x1*100+100
    x2=ceil(x)
    air_temp2=x2*100+100
elseif TairK<2000
    x=(TairK-1000)/100
    x1=floor(x)
    air_temp1=x1*100+1000
    x2=ceil(x)
    air_temp2=x2*100+1000
elseif TairK<3000
    x=(TairK-2000)/100
Figure C.2: Matlab code for calculating the adiabatic flame temperature with a varied
equivalence ratio page 2 of 4.
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22/10/13 5:18 PM Y:\Documen...\adiabatic_flame_temp_R3.m 3 of 4
    x1=floor(x)
    air_temp1=x1*100+2000
    x2=ceil(x)
    air_temp2=x2*100+2000
else TairK<4000    
    x=(TairK-3000)/100
    x1=floor(x)
    air_temp1=x1*100+3000
    x2=ceil(x)
    air_temp2=x2*100+3000
end
combust_temp=air_temp1
air_prop1=combustion_properties(combust_temp)
combust_temp=air_temp2
air_prop2=combustion_properties(combust_temp)
air_prop=[air_prop1;air_prop2]
air_temps=[air_temp1;air_temp2]
Air_prop=interp1(air_temps,air_prop,TairK)
%==================================================================
% end of Pre-heat enthalpy values:
%==================================================================
% Enthalpy of the reactants:
Hreact=equn(1)*(hfCO+Fuel_prop(5))+equn(2)*(hfO2+Air_prop(4))+equn(3)*(hfN2+Air_prop
(3))   % kJ/(thi)kmol fuel
%==================================================================
% Enthalpy values of Products:
%==================================================================
combust_temp=600 % Sets the lower search limit
combust_temp1=combust_temp
products_prop=combustion_properties(combust_temp)
% Enthalpy of the products:
Hprod1=equn(4)*(hfCO2+products_prop(2))+equn(5)*(hfN2+products_prop(3))+equn(6)*
(hfO2+products_prop(4)+equn(7)*(hfCO+products_prop(5)))   % kJ/(thi)kmol fuel
combust_temp=5000
combust_temp2=combust_temp
products_prop=combustion_properties(combust_temp)
% Enthalpy of the products:
Hprod2=equn(4)*(hfCO2+products_prop(2))+equn(5)*(hfN2+products_prop(3))+equn(6)*
(hfO2+products_prop(4)+equn(7)*(hfCO+products_prop(5)))   % kJ/(thi)kmol fuel
%Interpolation:
combust_temp=[combust_temp1 combust_temp2]'
Hprod=[Hprod1 Hprod2]'
Tad=interp1(Hprod,combust_temp,Hreact)   % Calculated Adiabatic Flame Temperature (K)
TadC(count)=Tad-273                      % Calculated Adiabatic Flame Temperature 
(DegC)
display('now for the if statements')
%===============
if Tad<1000
    x=(Tad-100)/10
    x1=floor(x)
    combust_temp1=x1*10+100
    x2=ceil(x)
    combust_temp2=x2*10+100
elseif Tad<2000
    x=(Tad-1000)/100
Figure C.3: Matlab code for calculating the adiabatic flame temperature with a varied
equivalence ratio page 3 of 4.
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22/10/13 5:18 PM Y:\Documen...\adiabatic_flame_temp_R3.m 4 of 4
    x1=floor(x)
    combust_temp1=x1*100+1000
    x2=ceil(x)
    combust_temp2=x2*100+1000
elseif Tad<3000
    x=(Tad-2000)/100
    x1=floor(x)
    combust_temp1=x1*100+2000
    x2=ceil(x)
    combust_temp2=x2*100+2000
else Tad<4000    
    x=(Tad-3000)/100
    x1=floor(x)
    combust_temp1=x1*100+3000
    x2=ceil(x)
    combust_temp2=x2*100+3000
end
%==============
combust_temp=combust_temp1
products_prop=combustion_properties(combust_temp)
% Enthalpy of the products:
Hprod1=equn(4)*(hfCO2+products_prop(2))+equn(5)*(hfN2+products_prop(3))+equn(6)*
(hfO2+products_prop(4))   % kJ/(thi)kmol fuel
combust_temp=combust_temp2
products_prop=combustion_properties(combust_temp)
% Enthalpy of the products:
Hprod2=equn(4)*(hfCO2+products_prop(2))+equn(5)*(hfN2+products_prop(3))+equn(6)*
(hfO2+products_prop(4))   % kJ/(thi)kmol fuel
%Interpolation:
disp('final interpolation')
combust_temp=[combust_temp1 combust_temp2]'
Hprod=[Hprod1 Hprod2]'
Tad=interp1(Hprod,combust_temp,Hreact)  % Calculated Adiabatic Flame Temperature (K)
Tad=(((Hreact-Hprod1)*(combust_temp2-combust_temp1))/(Hprod2-Hprod1))+combust_temp1
TadC(count)=Tad-273                     % Calculated Adiabatic Flame Temperature (DegC)
phi(count)=thi
end
%=========================================================================
% Plotting:
%=========================================================================
plot(phi,TadC)
xlabel('Equivalence Ratio')
ylabel('Adiabatic Flame Temperature (DegC)')
title('Adiabatic Flame Temperature for CO Combustion')
grid
% Locating TadC at phi=1
a=find(phi<1)
TadC1=TadC(length(a)+1)
%b=find(phi>0.2)
%TadCmin=TadC(length(b)+1)
 
 
Figure C.4: Matlab code for calculating the adiabatic flame temperature with a varied
equivalence ratio page 4 of 4.
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% Calculation of the convection coefficients with varying
% plate surface temperature
% Author: Sean Rogers
% Date: July 2013
% Revision 1
% Revision date: 01-09-2013
clc
clear
%================================================
%Inputs
%================================================
Tinf=912       % Bulk temperature (DegC) Max from table is 2225 DegC
Tsurf1=100
Tsurf2=800
U=4.2
step=100        % Velocity increment
L=0.555         % Characteristic Length (m)
%================================================
%Calculations
%================================================
 
% Thermodynamic properties of dry air:
%=================================================
% From the function Air_properties.m
% The column index values are:
% 1 Temperature (Deg C)
% 2 Density, rho (Kg/m^3)
% 3 Specific Heat Capcity, Cp (J/kg K)
% 4 Thermal Conductivity, k (W/m K)
% 5 Thermal Diffusivity, Alpha (m^2/s)
% 6 Absolute Viscosity, mu (N s/m)
% 7 Kinematic viscosity, squig_v (m^2/s)
% 8 Prandtl Number, Pr
count=0;
for Tsurf=[Tsurf1:step:Tsurf2]
    count=count+1;
   % Calculate the film temperature: 
   Air_temp=(Tinf+Tsurf)/2;
   % Evaluate the Air Properties function:
   properties=Air_properties(Air_temp);
   rho=properties(2);
   Cp=properties(3);
   k=properties(4);
   alpha=properties(5);
   mu=properties(6);
   squig_v=properties(7);
   Pr=properties(8);
   % Reynolds number:
   Re=(U.*rho.*L)./mu; 
if Re<=5e5
   Nu_store=0.664*(Re^0.5)*(Pr^0.33); 
else
    Nu_store=0.036*((Re^0.8)-23200)*Pr^0.33;
end
Re_all(count)=Re;
Nu(count)=Nu_store;
hc(count)=Nu_store*k/L;
end
 
hc_ave=sum(hc)/length(hc)
Figure C.5: Matlab code for calculating the convection coefficients for a plate with varying
temperature.
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7/09/13 12:24 PM MATLAB Command Window 1 of 1
Pressure Loss Calculations: Cast Pressure Ring Cooling Circuit 
 
Inputs:
Manifold Pressure:                        500.0 (kPa)
Bulk water temperature:                   40.0 DegC 
Density at bulk temperature:              992.2 kg/m^3 
Viscosity at bulk temperature:            6.580e-004 N.s/m^2 
 
Pipe and Circuit Data:
Pipe ID:                                  35.0 (mm)
Pipe Rougness e:                          0.250 (mm)
 
Loss Coefficients:
Pressure Ring loss coefficient:           6.63 
Square Edge Entry:                        0.50 
Ball Valve at valve position:             0.05 
90 degree elbow (threaded):               0.70 
90 degree elbow (welded):                 0.20 
45 Degree bends (welded):                 0.20 
Tee (Run):                                0.90 
Tee (Branch):                             2.00 
Throttling valve set to adjust pressure:  142.5 
 
Feed line Data (Node 1 to 2):
Pipe length:                              30 (m)
Square entry loss:                        1 
Number of Ball valves:                    1 
Number of 90 Degree elbows (threaded):    12 
Number of 90 Degree elbows (welded):      4 
Number of 45 Degree bends (welded):       4 
Number of Tees (Run):                     2 
Number of Tees (Branch):                  1 
 
Return line Data (Node 3 to 4):
Pipe length:                              30 (m)
Number of Globe (throttle) valves:        1 
Number of 90 Degree elbows (threaded):    12 
Number of 90 Degree elbows (welded):      4 
Number of 45 Degree bends (welded):       4 
Number of Tees (Run):                     2 
Number of Tees (Branch):                  1 
 
Outputs:
Line velocity:                            2.064 (m/s)
Flow rate:                                7.15 (m^3/hour)
Reynolds Number:                          1.089e+005 
Darcy friction factor (f):                0.03463 
Pressure at Pressure Ring Inlet P2:       407.0 (kPa)
Pressure at Pressure Ring Outlet P3:      393.0 (kPa)
Pressure at Outlet P4:                    -0.0 (kPa)
Bellows operating pressure:               400.0 (kPa)
Pressure drop from node 1 to 2:           93.0 (kPa)
Pressure drop across PRing node 2 to 3:   14.0 (kPa)
Pressure drop from node 3 to 4:           393.0 (kPa)
EDU>> 
Figure D.1: Matlab pressure drop calculation results for the cast pressure ring.
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7/09/13 12:19 PM MATLAB Command Window 1 of 1
Pressure Loss Calculations: Manufactured Pressure Ring Main Cooling Circuit 
for a total flow rate including bellows to equal cast flow rate 
 
Inputs:
Manifold Pressure:                        500.0 (kPa)
Bulk water temperature:                   40.0 DegC 
Density at bulk temperature:              992.2 kg/m^3 
Viscosity at bulk temperature:            6.580e-004 N.s/m^2 
 
Pipe and Circuit Data:
Pipe ID:                                  35.0 (mm)
Pipe Roughness e:                         0.250 (mm)
 
Loss Coefficients:
Pressure Ring loss coefficient:           6.67 
Square Edge Entry:                        0.50 
Ball Valve at valve position:             236.00 
90 degree elbow (threaded):               0.70 
90 degree elbow (welded):                 0.20 
45 Degree bends (welded):                 0.20 
Tee (Run):                                0.90 
Tee (Branch):                             2.00 
Throttling valve set to adjust pressure:  0.0 
 
Feed line Data (Node 1 to 2):
Pipe length:                              30 (m)
Square entry loss:                        1 
Number of Ball valves:                    1 
Number of 90 Degree elbows (threaded):    12 
Number of 90 Degree elbows (welded):      4 
Number of 45 Degree bends (welded):       4 
Number of Tees (Run):                     2 
Number of Tees (Branch):                  1 
 
Return line Data (Node 3 to 4):
Pipe length:                              30 (m)
Number of Globe (throttle) valves:        0 
Number of 90 Degree elbows (threaded):    12 
Number of 90 Degree elbows (welded):      4 
Number of 45 Degree bends (welded):       4 
Number of Tees (Run):                     2 
Number of Tees (Branch):                  1 
 
Outputs:
Line velocity:                            1.747 (m/s)
Flow rate:                                6.05 (m^3/hour)
Reynolds Number:                          9.219e+004 
Darcy friction factor (f):                0.03474 
Pressure at Pressure Ring Inlet P2:       76.1 (kPa)
Pressure at Pressure Ring Outlet P3:      66.0 (kPa)
Pressure at Outlet P4:                    -0.0 (kPa)
Pressure drop from node 1 to 2:           423.9 (kPa)
Pressure drop across PRing node 2 to 3:   10.1 (kPa)
Pressure drop from node 3 to 4:           66.0 (kPa)
EDU>> 
Figure D.2: Matlab pressure drop calculation results for the manufactured pressure ring
main cooling circuit.
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Pressure Loss Calculations: Manufactured Pressure Ring Bellows Circuit 
 
Inputs:
Manifold Pressure:                        500.0 (kPa)
Bulk water temperature:                   40.0 DegC 
Density at bulk temperature:              992.2 kg/m^3 
Viscosity at bulk temperature:            6.580e-004 N.s/m^2 
 
Pipe and Circuit Data:
Pipe ID:                                  26.6 (mm)
Pipe Roughness e:                         0.250 (mm)
 
Loss Coefficients:
Bellows loss coefficient (per bellows):   11.35 
Square Edge Entry:                        0.50 
Ball Valve at valve position:             0.05 
90 degree elbow (threaded):               0.70 
90 degree elbow (welded):                 0.20 
45 Degree bends (welded):                 0.20 
Tee (Run):                                0.90 
Tee (Branch):                             2.00 
Throttling valve set to adjust pressure:  223.3 
 
Feed line Data (Node 1 to 2):
Pipe length:                              30 (m)
Square entry loss:                        1 
Number of Ball valves:                    1 
Number of 90 Degree elbows (threaded):    12 
Number of 90 Degree elbows (welded):      4 
Number of 45 Degree bends (welded):       4 
Number of Tees (Run):                     2 
Number of Tees (Branch):                  1 
 
Bellows (Node 2 to 3):
Number of Bellows on the circuit:         3 
 
Return line Data (Node 3 to 4):
Pipe length:                              30 (m)
Number of Globe (throttle) valves:        1 
Number of 90 Degree elbows (threaded):    12 
Number of 90 Degree elbows (welded):      4 
Number of 45 Degree bends (welded):       4 
Number of Tees (Run):                     2 
Number of Tees (Branch):                  1 
 
Outputs:
Line velocity:                            1.648 (m/s)
Flow rate:                                3.31 (m^3/hour)
Reynolds Number:                          6.619e+004 
Darcy friction factor (f):                0.03805 
Pressure at Bellows Inlet P2:             423.0 (kPa)
Pressure at Bellows Outlet P3:            377.1 (kPa)
Pressure at Outlet P4:                    -0.0 (kPa)
Average Bellows operating pressure:       400.0 (kPa)
Pressure drop from node 1 to 2:           77.0 (kPa)
Figure D.3: Matlab pressure drop calculation results for the manufactured pressure ring
bellows circuit page 1 of 2.
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Pressure drop across Bellows node 2 to 3: 45.9 (kPa)
Pressure drop from node 3 to 4:           377.1 (kPa)
EDU>> 
Figure D.4: Matlab pressure drop calculation results for the manufactured pressure ring
bellows circuit page 2 of 2.
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% Furnace Cooling Water Small Bore Piping Pressure Losses
% Cast Pressure Ring circuit calculations
% Author: Sean Rogers
% Date: July 2013
% Revision 3
% Revision date: 07-09-2013
 
clear
clc
%==================================================
% INPUTS
%==================================================
% Input working water temperature: (DegC)
Water_temp=40;
% Manifold pressure (Gauge):
P1=500;     % kPa
% Outlet Pressure (Gauge):
P4=0;       % kPa
% Pipe Internal Diameter
D=35;       % mm
% Pipe relative roughness 
e=0.25;     % (mm)
% Total Length of pipe feed side
LF=30;      % (m)
% Total Length of pipe return side
LR=LF;      % (m)
% Fittings:
%==================================================
% Number of fittings on the feed side circuit:
%==================================================
sqent=1;             % Square Entry from manifold to pipe
BallV_F=1;           % Ball Valve
elbow_F=12;          % 90 degree elbow (long radius, screwed)
elbow_w_F=4;         % 90 degree elbow (long radius, welded)
bend_45_F=4;         % 45 degree bend (welded)
Tee1_F=2;            % Direction through tee
Tee2_F=1;            % Direction making 90 degree turn through tee
 
%==================================================
% Number of fittings on the return side circuit:
%==================================================
elbow_R=12;          % 90 degree elbow (long radius, screwed)
elbow_w_R=4;         % 90 degree elbow (long radius, welded)
bend_45_R=4;         % 45 degree bend (welded)
Tee1_R=2;            % Direction through tee
Tee2_R=1;            % Direction making 90 degree turn through tee
Throt_valve=1;       % Flow control globe valve
 
%==================================================
% Estimated loss coefficient for the pressure ring:
% Cast Pressure Ring: K=6.5
% Drilled main cooling passage: K=6.67
% Drilled bellows passage: K=11.35
KRing=6.63;       % Pressure Ring or Bellows loss coefficient
num_circ=1;      % Number of Pressure Rings or Bellows on the circuit
Figure D.5: Matlab pressure drop calculation code for the cast pressure ring page 1 of 5.
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KRing=KRing*num_circ;
 
%==================================================
 
%==================================================
% Conversion to SI units
%==================================================
P1=P1*1000;     % Pa
P4=P4*1000;     % Pa
D=D/1000;       % m
e=e/1000;       % m
 
%==================================================
% Standard loss coefficients for fittings
%==================================================
Ksqent=0.5;         % Square Edged entry (FOX pp334)
KBallV=0.05;        % Ball Valve (0.05 for fully open)
Kelbow=0.7;         % 90 degree elbow (screwed)
Kelbow_w=0.2;       % 90 degree elbow (welded)
Kbend_45=0.2;       % 45 degree bend (welded)
KTee1=0.9;          % Direction through tee
KTee2=2;            % Direction making 90 degree turn through tee
KThrot_valve=142.5;   % Throttling valve set to adjust pressure (3=fully open, >3, for 
a throttling position)
 
%==================================================
% Calculations
%==================================================
 
% Sum minor loss coefficients Feed:
KsumF=sqent*Ksqent  +  BallV_F*KBallV  +  elbow_F*Kelbow  +  elbow_w_F*Kelbow_w  +  
bend_45_F*Kbend_45  +  Tee1_F*KTee1  +  Tee2_F*KTee2;
% Sum minor loss coefficients Return:
KsumR=elbow_R*Kelbow+elbow_w_R*Kelbow_w+bend_45_R*Kbend_45+Tee1_R*KTee1+Tee2_R*KTee2+Th
rot_valve*KThrot_valve;
 
%===================================================
% From the function water_properties.m
%===================================================
% The column index values are:
% 1 Temperature (Deg C)
% 2 Density, rho (Kg/m^3)
% 3 Specific Heat Capcity, Cp (J/kg K)
% 4 Thermal Conductivity, k (W/m K)
% 5 Thermal Diffusivity, Alpha (m^2/s)
% 6 Absolute Viscosity, mu (N s/m)
% 7 Kinematic viscosity, squig_v (m^2/s)
% 8 Prandtl Number, Pr
% Call in the properties from the function file:
properties=water_properties(Water_temp);
% From the Thermodynamic Properties of Water at specified temperature:
% Kinematic viscosity:
v=properties(7);
rho=properties(2);
mu=properties(6);
Figure D.6: Matlab pressure drop calculation code for the cast pressure ring page 2 of 5.
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% Set Initial average velocity in pipe for WHILE loop
V=0.1;   % m/s
% Initial Reynolds Number
%Re=V*D/v
Re=(rho*V*D)/mu;
% Initial Haaland approximation for pipe friction factor:
% 1/f^(0.5)=-1.8log[6.9/Re+((e/D)/3.7)^1.11
f=(-1.8*log10(6.9/Re+((e/D)/3.7)^1.11))^-2;
calc_loss=(f*(LF+LR)/(2*D)+(KsumF+KsumR+KRing)/2)*rho*V^2;
 
%===============================================
% Calculate Pressure Losses
%===============================================
count=0;                     % Iteration counter
while calc_loss<P1-P4;
    count=count+1;
    dV=0.00001;              % Set velocity increment for iteration loop
    V=V+dV;
    Re=(rho*V*D)/mu;
    % Haaland approximation for pipe friction factor:
    % 1/f^(0.5)=-1.8log[6.9/Re+((e/D)/3.7)^1.11
    f=(-1.8*log10(6.9/Re+((e/D)/3.7)^1.11))^-2;
    calc_loss=(f*(LF+LR)/(2*D)+(KsumF+KsumR+KRing)/2)*rho*V^2;
end
delta_check=(P1-P4)-calc_loss;       % This should be zero or very small
 
 
 
%==========================================================================
% Pressure drop from node 1 to 2
%==========================================================================
calc_loss_1=((f*LF/(2*D*9.81))+(KsumF/(2*9.81)))*9.81*rho*V^2;  % Pressure loss from 
node 1 to 2 (Pa)
P2=(P1-calc_loss_1);                         % Pressure at P2 (Pa)
 
%==========================================================================
% Pressure drop from node 2 to 3 (through PRing)
%==========================================================================
Pring_head=(KRing*V^2)/(2*9.81);      % Predicted pressure drop through the pressure 
ring from the loss coefficient KRing in meters (m)
Pring_drop=Pring_head*rho*9.81;       % Predicted pressure drop through the pressure 
ring from the loss coefficient KRing in kPa
P3=(P2-Pring_drop);
 
%==========================================================================
% Bellows operating pressure between node 2 and 3
%==========================================================================
Pbellow=(P2+P3)/2;
 
%==========================================================================
% Pressure drop from node 3 to 4
%==========================================================================
calc_loss_3=((f*LR/(2*D*9.81))+(KsumR/(2*9.81)))*9.81*rho*V^2;  % Pressure loss from 
node 2 to 3 (Pa)
P4=(P3-calc_loss_3);                         % Pressure at P4 (Pa)
Figure D.7: Matlab pressure drop calculation code for the cast pressure ring page 3 of 5.
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%==========================================================================
% Plotting
%==========================================================================
xval=[1:4];                                  % Node number vector
pval=[P1,P2,P3,P4]./1000;                    % Node pressure vector in kPa
plot(xval,pval);
 
%==========================================================================
% Input text Summary
%==========================================================================
fprintf('Pressure Loss Calculations: Cast Pressure Ring Cooling Circuit \n')  %        
%0.1f (kPa)\n',P1/1000);
 
fprintf('\nInputs:\n')
fprintf('Manifold Pressure:                        %0.1f (kPa)\n',P1/1000);
fprintf('Bulk water temperature:                   %0.1f DegC \n',Water_temp);
fprintf('Density at bulk temperature:              %0.1f kg/m^3 \n',rho);
fprintf('Viscosity at bulk temperature:            %0.3e N.s/m^2 \n',mu);
 
fprintf('\nPipe and Circuit Data:\n')
fprintf('Pipe ID:                                  %0.1f (mm)\n',D*1000);
fprintf('Pipe Rougness e:                          %0.3f (mm)\n',e*1000);
 
fprintf('\nLoss Coefficients:\n')
fprintf('Pressure Ring loss coefficient:           %0.2f \n',KRing);
fprintf('Square Edge Entry:                        %0.2f \n',Ksqent);
fprintf('Ball Valve at valve position:             %0.2f \n',KBallV);
fprintf('90 degree elbow (threaded):               %0.2f \n',Kelbow);
fprintf('90 degree elbow (welded):                 %0.2f \n',Kelbow_w);
fprintf('45 Degree bends (welded):                 %0.2f \n',Kbend_45);
fprintf('Tee (Run):                                %0.2f \n',KTee1);
fprintf('Tee (Branch):                             %0.2f \n',KTee2);
fprintf('Throttling valve set to adjust pressure:  %0.1f \n',KThrot_valve);
 
fprintf('\nFeed line Data (Node 1 to 2):\n')
fprintf('Pipe length:                              %0.0f (m)\n',LF);
fprintf('Square entry loss:                        %0.0f \n',sqent);
fprintf('Number of Ball valves:                    %0.0f \n',BallV_F);
fprintf('Number of 90 Degree elbows (threaded):    %0.0f \n',elbow_F);
fprintf('Number of 90 Degree elbows (welded):      %0.0f \n',elbow_w_F);
fprintf('Number of 45 Degree bends (welded):       %0.0f \n',bend_45_F);
fprintf('Number of Tees (Run):                     %0.0f \n',Tee1_F);
fprintf('Number of Tees (Branch):                  %0.0f \n',Tee2_F);
 
fprintf('\nReturn line Data (Node 3 to 4):\n')
fprintf('Pipe length:                              %0.0f (m)\n',LR);
fprintf('Number of Globe (throttle) valves:        %0.0f \n',Throt_valve);
fprintf('Number of 90 Degree elbows (threaded):    %0.0f \n',elbow_R);
fprintf('Number of 90 Degree elbows (welded):      %0.0f \n',elbow_w_R);
fprintf('Number of 45 Degree bends (welded):       %0.0f \n',bend_45_R);
fprintf('Number of Tees (Run):                     %0.0f \n',Tee1_R);
fprintf('Number of Tees (Branch):                  %0.0f \n',Tee2_R);
 
 
Figure D.8: Matlab pressure drop calculation code for the cast pressure ring page 4 of 5.
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%==========================================================================
% Output text
%==========================================================================
fprintf('\nOutputs:\n')
fprintf('Line velocity:                            %0.3f (m/s)\n',V);
fprintf('Flow rate:                                %0.2f (m^3/hour)\n',((V*pi*(D)^2)/4)
*3600);
fprintf('Reynolds Number:                          %0.3e \n',Re);
fprintf('Darcy friction factor (f):                %0.5f \n',f);
fprintf('Pressure at Pressure Ring Inlet P2:       %0.1f (kPa)\n',P2/1000);
fprintf('Pressure at Pressure Ring Outlet P3:      %0.1f (kPa)\n',P3/1000);
fprintf('Pressure at Outlet P4:                    %0.1f (kPa)\n',P4/1000);
fprintf('Bellows operating pressure:               %0.1f (kPa)\n',Pbellow/1000);
fprintf('Pressure drop from node 1 to 2:           %0.1f (kPa)\n',(P1-P2)/1000);
fprintf('Pressure drop across PRing node 2 to 3:   %0.1f (kPa)\n',(P2-P3)/1000);
fprintf('Pressure drop from node 3 to 4:           %0.1f (kPa)\n',(P3-P4)/1000);
 
 
 
 
Figure D.9: Matlab pressure drop calculation code for the cast pressure ring page 5 of 5.
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E.1 Heat transfer coefficient calculation for the inside faces
of the pressure rings
Mantle fan rated flow rate: 30Nm3/hour
Converting to the rated volume flow rate at normal conditions to the conditions at the
operating temperature of 70◦C:
Assuming P1 = P2
P1V1
T1
=
P2V2
T2
(E.1)
(P1)(30)
273.15
=
(P1)(V2)
343.15
V2 = 37.69 m
3/hour
Where: P is the pressure in pascals, V is the volume flow rate in m3/hour and T is
the temperature in Kelvin.
Mean film temperature:
Tfilm =
(Tsurface + T∞)
2
(E.2)
Tfilm =
40 + 70
2
Tfilm = 55
◦C
Where: Tfilm is the mean film temperature, Tsurface is the surface temperature of the
plate and T∞ is the bulk temperature of the fluid moving over the plate.
The air passage is an annular region between the outer diameter of the contact shoes
and the inner surface of the pressure rings:
Outer diameter of the contact shoes = 1390mm.
Inner diameter of the pressure rings = 1470mm.
The cross sectional area of the flow is:
A =
pi
4
(
D2 − d2
)
(E.3)
A =
pi
4
(
(1.47)2 − (1.39)2
)
A = 0.1797 m2
The average flow velocity is:
Q = Av (E.4)
E.1 Heat transfer coefficient calculation for the inside faces of the pressure
rings 166
37.69 = (0.1797)v
v = 0.0583 m/s
Where: Q is the flow rate in m3/second, A is the cross sectional area of the flow path
in m2, and v is the average flow velocity in m/s.
Assuming the air is dry at the mean film temperature of 55◦C as it flows over the
pressure rings inside face, The density, conductivity, viscosity and Prandtl number of
dry air at 55◦C was found through interpolation using the data provided in Kreith
et al. (2011), table 28, to be 1.0796 kg/m3, 0.0287 W/mK, 19.626×10−6 [Ns/m2] and
0.691 respectively.
Calculating Reynolds number:
ReL =
ρU∞L
µ
(E.5)
=
(1.0796)(0.0583)(0.555)
19.626× 10−6
= 1.779× 103
The correlation for the average Nusselt number for flow over a plate is given by (Kreith
et al. 2011):
NuL = 0.664Re
0.5
L Pr
0.33 (E.6)
Valid for: Pr > 0.5 and ReL < 5× 105
NuL = 0.664Re
0.5
L Pr
0.33 (E.7)
NuL = 0.664(1.779× 103)0.5(0.691)0.33
NuL = 24.79
Calculating the average convection heat transfer coefficient, hc:
hc =
Nuk
L
(E.8)
hc =
(24.79)(0.0287)
0.555
hc = 1.28 W/m
2K
Where: k is the thermal conductivity of the fluid in W/m.K and L is the characteristic
length of the plate in m.
